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Abstract
Automotive wireless communications have rapidly developed in recent years with the
emergence of many new communications technologies. Only a couple of decades ago
most vehicles were fitted with only one antenna for AM and FM radio reception. By
comparison, today’s cars may be fitted with a multitude of antennas to communicate at
many different frequencies for a wide variety of applications. Antennas for AM and FM
radio are still commonly fitted to production vehicles, but they may be accompanied by
others for Remote Keyless Entry, Mobile phone, Satellite navigation with GPS, Bluetooth,
Satellite Radio and Collision Avoidance Radar. Future vehicles will likely also require
antennas for DAB, Satellite TV and Dedicated Short Range Communications.
A popular solution which addresses modern vehicular antenna requirements is the
‘shark-fin’ style antenna. Such antennas are compact configurations of multiple dedi-
cated narrowband antennas, housed side-by-side under a small plastic radome on a vehicle
roof. Nevertheless, ‘shark-fin’ antennas can have several drawbacks — they are complex
devices and can be expensive to fabricate; mutual coupling between adjacent antenna el-
ements can lead to degraded radiation performance; and, they are external, thus adding to
aerodynamic drag and being prone to accidental or intentional damage.
This thesis proposes the use of wideband planar antennas in conjunction with poly-
meric composite panels to meet the communication requirements of vehicles both now
and into the future. Sheet Moulding Compound (SMC) is a mature composite technol-
ogy which is widely used in the automotive industry to form external car body panels by
compression moulding. An SMC body panel could be utilized to create an RF-transparent
aperture in a vehicle’s body structure. A wideband antenna could be attached to the un-
derside of such a panel, or embedded into it during the compression moulding process.
This would create a multifunctional antenna component which, when painted, would be
indistinguishable from an ordinary section of bonnet, roof or trunk.
The research presented in this thesis covers a variety of related topics. The electrical
and mechanical properties of SMC were examined using various techniques. The dielec-
tric constant of the material was found to be approximately 4.5 with a loss tangent of
0.05. Optimal manufacturing process parameters were determined, which produce min-
imal deformation on an embedded antenna substrate during the compression moulding
process. The effect of automotive paints on the impedance and radiation behaviour of
planar antennas is determined by experimental means, including those paints which have
a ‘metallic’ effect. It was found that the addition of paint causes a slight shift in the
resonant frequency of narrowband and wideband antennas, due to the addition of a thin
dielectric layer. Metallic paints do not adversely effect the operation of an antenna, de-
spite the inclusion of many small pieces of aluminium in this type of paint. Electrostatic
primers appear to behave as lossy dielectrics at microwave frequencies and may result in
a gain reduction of approximately 1.5 dB.
Two wideband antennas designed for vehicular use are proposed - the Optimised
PICA and the WiPlaVe antenna. The antennas are low profile, fabricated on low-cost
FR-4 substrates, and provide an impedance match over a wide range of frequencies of
interest in the automotive environment. A novel diplexer-divider-combiner device is pre-
sented. The device is implemented by exploiting Complimentary Split Ring Resonators,
and improves the radiation performance of the WiPlaVe antenna at low frequencies, by
frequency-selective feeding of the radiators.
The overall performance of the proposed wideband vehicular antenna solution is vali-
dated by simulation and measurement in a variety of circumstances. A wideband antenna
is embedded into the surface of an SMC ute (utility) tailgate component, and the radiation
of the structure is characterized in an anechoic chamber. The operating bandwidth of the
embedded antenna remains very wide, although the matching is altered by the addition
of the dielectric. The gain and radiation pattern at low frequencies are predominantly
unchanged, but ripples and reduced gain are produced at high frequencies. The effect of
bending a wideband antenna is also evaluated by simulation and measurement. It is found
that the wideband impedance match is preserved, even when bent at angles of up to 90◦.
The effect of curvature on antenna radiation patterns is more pronounced at high frequen-
cies. CST Microwave Studio R© is employed to simulate the O-PICA antenna on a full-size
vehicle with an SMC roof panel. The same full-sized configuration is implemented in
hardware with a GPS receiver. A comparison of the performance of the O-PICA antenna
for GPS purposes is made against a commercial GPS patch antenna. The O-PICA an-
tenna is found to provide comparable GPS performance with the commercial narrowband
antenna, demonstrating the value of the integrated wideband vehicular antenna proposal.
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Introduction
Ever since the automobile first became widely affordable just over one century ago with
the introduction of the Model T Ford, car makers have been competing for market share
and developing new technologies to enhance their products.
Road going passenger vehicles have come a long way in a relatively short period of
time. The Model T Ford is a very basic vehicle when compared with modern offerings.
For example, it has no fuel pump to provide fuel to the carburettor, relying instead on
gravity feed. The body of most early vehicles made extensive use of wooden components
and were quite open. They provided only average protection to the occupants from the
weather, let alone collisions with other vehicles. Unsurprisingly, no antennas were fitted
to vehicles in these early days, given that the use of radio was also in its infancy.
Radio receivers first appeared in the 1920’s and 1930’s to provide entertainment for
vehicle occupants, with much controversy [1]. Up until even a couple of decades ago
most vehicles were only fitted with a single antenna for AM and FM radio. The pace of
development in wireless services for automobiles has rapidly accelerated since that time.
A modern vehicle is fitted with many electronic systems which perform a variety of
functions. Some electronic components perform critical functions such as control of the
engine and drivetrain, and operation of safety equipment. Other hardware provides posi-
tion information to satellite navigation systems which generate driving directions. Other
systems provide audio and video for entertainment or enable voice and data communica-
tion with people and networks outside the vehicle. Many of these systems communicate
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wirelessly. Antennas are a necessary part of any wireless communication system, en-
abling transmission and reception of signals in free-space.
Throughout this period of technological change, automobile manufacturers have been
seeking to create cost effective, fuel efficient vehicles with attractive styling. This has led
to a focus on sleek, lightweight vehicles with reduced aerodynamic drag and improved
styling — an emphasis that would naturally conflict with fitment of traditional antennas.
These market preferences, along with technological factors, have combined in the past
few years to drive significant innovation in the world of vehicular antennas.
This thesis considers the application of wideband antenna technology to automobile
platforms. The use of polymeric composite structures to create a colour matched aperture
in the vehicle body is also considered.
A wideband antenna may potentially replace several dedicated narrowband antennas,
leading to reduced weight and cost of the overall platform. Planar antennas lend them-
selves to integration with other components due to their low profile. Polymeric composite
materials like Sheet Moulding Compound (SMC) are already used in the automotive in-
dustry for various components including ‘Class A’ surfaces such as exterior body panels.
Integration of a wideband antenna with these composite structures could provide many
benefits. Integration may be achieved by either embedding the component inside the
composite material or attaching the radiating device to the underside of a pre-moulded
component.
1.1 Automotive Frequencies and Wireless Services
In previous decades the use of antennas in vehicles was primarily limited to those em-
ployed for AM and FM radio. In contrast, today’s vehicles are often fitted with many
antennas for additional purposes such as remote keyless entry, satellite navigation, and
others. In the future it is likely that vehicles will require still more antennas for such
things as mobile internet and mobile video, collision avoidance radar, and vehicle-to-
vehicle or vehicle-to-infrastructure communication. A list of present and soon to be re-
alised services is provided in Table 1.1. Each of these wireless services necessitates the
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incorporation of a suitable antenna into the vehicular platform to receive signals at the
appropriate frequency.
Description of Automotive services
The lowest frequencies used in vehicles are often for AM and FM radio. The history of ra-
dios in cars is vague but dates back to the 1920’s. During this time period, the installation
of such devices was deemed unsafe and illegal in at least one US state [1]. Significant pol-
icy change obviously occurred over the years given that AM and FM Radio are installed
in nearly all modern day passenger vehicles and are used to provide entertainment for the
driver and passengers.
The third entry in the list of services in Table 1.1 describes in-vehicle television
for which the necessary hardware is available including diversity receivers to minimise
dropouts. In-vehicle television is rarely installed by the factory in present day vehi-
cles, although DVD and multimedia entertainment systems are finding increased uptake
in high-end luxury vehicles.
Digital Audio Broadcasting is a more modern format for broadcasting entertainment
radio. DAB uses digital rather than analogue modulation schemes, providing higher spec-
tral efficiency and better quality audio in certain circumstances.
Many present day vehicles are able to be locked and unlocked by pressing a button
on a radio transmitter integrated into the car’s key or key ring. These services are known
as Remote Keyless Entry and typically operate in one of the low power bands shown in
the table. These bands are often shared with Tyre Pressure Monitoring Systems which are
finding increased acceptance in the passenger vehicle market and are available as third-
party accessories. A typical TPMS has an air pressure sensor and wireless transmitter
fitted to each wheel, with a receiver unit mounted in or on the dash. The system can alert
the driver to low tyre pressure before a flat tyre becomes a safety hazard.
Many frequency bands are used globally for cellular telephone (a.k.a. mobile tele-
phone). Blocks of new spectrum are occasionally released by the authorities and pur-
chased by telecommunications companies to cater for increased demand. The most com-
monly used frequencies are provided in the table. Inclusion of these frequency bands into
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a vehicle could allow for voice calls and additionally, a full suite of services based on high
speed access to the internet provided by HSPA (High Speed Packet Access). This has the
potential to bring about a realisation of useful Location Based Services, XML based traffic
updates and internet connectivity almost anywhere in urban and rural environments.
Guidance and navigation facilities are becoming more cost effective and seeing large
uptake in the modern market. These navigation systems usually rely on the constellation
of approximately thirty Global Positioning System (GPS) satellites to determine the loca-
tion of the vehicle before plotting it on a map. The GPS L1 band is received in a narrow
20 MHz channel centred at 1.575 GHz.
The Satellite Digital Audio Radio Service is also described in the table. This service
delivers hundreds of additional radio stations and is implemented by using circularly po-
larised signals from satellites arranged in an orbit which dwells over the North American
continent. In urban environments where buildings can cause multipath and shadowing of
the satellites, terrestrial based transmitters are also used.
The 2.4 GHz ISM band has seen enormous growth in the past decade due to the
ubiquitous application and implementation of Wi-Fi and Bluetooth which occupy part of
this band. Bluetooth is incorporated into many present day vehicles to allow hands free
calling and operation of an equipped mobile through the vehicle’s multimedia system.
Future vehicles may be fitted with Wi-Fi to enable passengers to access the internet while
on a journey.
An emerging technology that will need to compete with LTE and HSPA technologies
is WiMAX. In a manner similar to the 3G and 4G cellular wireless standards, WiMAX
could be used to provide a high speed wireless internet connection to a moving vehicle
many kilometres from a base station.
Many Electronic Toll Collection systems are implemented at 5.8 GHz, often achieved
by windscreen mounted removable wireless tags operating in an active-RFID system.
Vehicle-to-Vehicle communication systems are currently being developed and trialled
to enable safer and more efficient road transport. A portion of spectrum at 5.9 GHz has
been reserved in many countries for this purpose, where vehicles and road side objects
would form networks and share safety information as part of an Intelligent Transporta-
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tion System (ITS). As an example, a system such as this would alert the driver to sudden
braking in traffic ahead, and of upcoming lane closures or unexpected obstructions. Emer-
gency vehicles could broadcast warnings to drivers up to 1 km away, signalling their pres-
ence and intentions. Many phrases have been coined to describe this technology including
Dedicated Short Range Communications (DSRC), Vehicle-to-Vehicle (V2V), Car-to-Car
(C2C), Vehicle-to-Infrastructure (V2I) and Vehicle-Infrastructure-Integration (VII). The
relevant IEEE standard upon which the wireless connection is based is IEEE 802.11p,
which is also known as Wireless Access in the Vehicular Environment (WAVE). The US
Department of Transport is developing these technologies in the ‘Intellidrive’ program.
Collision Avoidance Radar is a technology which integrates with the Adaptive Cruise
Control (ACC) system of a vehicle to prevent accidents, or in the case where a collision is
unavoidable, reduce the severity of the impact. In normal use the system uses RADAR (or
optionally LIDAR) to scan the road ahead and will reduce the throttle and apply brakes
to automatically maintain a safe buffer distance to the car in front. Some systems will
also detect pedestrians or other objects. In the event that the system detects an imminent
collision, it may apply emergency braking and other precautionary measures to increase
vehicle safety. Collision Avoidance Radar uses very high frequencies for numerous rea-
sons. These include spectrum availability, the small size of antenna elements (enabling
integration of necessary phased array radar antennas), and the fact that a higher frequency
helps to increase the Radar Cross Section, and therefore, the detection range of targets of
interest, such as pedestrians and other vehicles.
1.1.1 System Considerations
Antennas are necessary components of all wireless systems, but are not of themselves
sufficient for signal reception. Antennas do not operate in isolation. Other important
factors related to vehicular antenna systems are briefly examined here.
Diversity Reception
Some automotive services use diversity to enhance the quality of the received signal. In
non-line-of-site propagation environments such as the urban environment, reflections and
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shadows cast by buildings and other structures can cause fading in the signal strength in
particular spatial locations or in given directions. In a diversity scheme two or more anten-
nas are mounted in different locations or with different orientations on the vehicle. This
provides two independent propagation paths for the signal. On an elementary level the
diversity receiver switches between antennas to choose the one with the stronger signal.
This provides a higher quality signal with fewer dropouts. Diversity is most commonly
employed for FM radio reception purposes. Given that cars fitted with multiple antennas
are regarded as being less visually appealing, vehicle manufacturers tend to combine an
external mast antenna with a glass mounted antenna to give two distinct antennas for di-
versity purposes. This approach often achieves spatial and polarisation diversity, along
with diversity in radiation direction.
Noise, Sensitivity and the Receiver
Any communications system receives the desired signal plus an unwanted signal which
we may call noise. Noise comes from a variety of sources, ranging from the random
movement of electrons inside any conductor (at a temperature above absolute zero) to
Electromagnetic Interference (EMI) coupled in with the signal from nearby devices. In
the automotive environment the vehicle’s ignition system can be a source of significant
EMI, meaning that antennas mounted near the front of the vehicle may receive more noise
than an equivalent antenna mounted towards the rear. Receiving systems have a specified
sensitivity, which relates the minimum signal strength at the input required to achieve
an acceptable Signal-to-Noise ratio (SNR). The sensitivity of commercial automotive re-
ceiving systems will have a large impact on the overall quality of the received service,
particularly in areas of low signal strength. In car radio systems, the receiver may be
called a tuner since it tunes its internal oscillators to demodulate the required station. The
input impedance of the tuner, along with other fundamental properties are important in
ensuring proper system operation.
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1.2 Thesis structure
This thesis investigates the use of wideband antennas for vehicles in conjunction with
composite polymeric body panels. Wideband antennas which operate at a frequency range
from approximately 700 MHz to beyond 6 GHz are proposed. The antennas are embedded
into or attached to the underside of Sheet Moulding Compound (SMC) body panels. These
may be painted to create a hidden vehicular antenna solution that covers many frequencies
of interest in the automotive environment.
Chapter 2 of this thesis presents a literature review. Common approaches to fitting
antennas to vehicles are described alongside state-of-the-art solutions proposed by re-
searchers in the scientific literature.
Chapter 3 details some of the issues which must be considered in embedding ve-
hicular antennas into polymeric panels. It explains the compression moulding process
and the materials used by the commercial partner, Composite Materials Engineering Pty.
Ltd. (CME). Basic details are provided on the rheological testing of the SMC, the results
of which feed into deformation modelling of the antenna substrate. The permittivity of
the materials are also tested, and the effect of common automotive paints on antennas is
determined experimentally.
Chapter 4 discloses the specifics of the wideband antennas proposed for vehicular
use. It presents the results of a parametric analysis of PICA antenna geometry. The under-
standing of the PICA acquired in this section informed the design of the Optimised PICA
antenna. A second wideband vehicular antenna, the WiPlaVe antenna, is detailed which
provides four-sector azimuthal coverage on all sides of a vehicle. A unique diplexer-
divider-combiner device is designed to improve the low frequency performance of the
WiPlaVe radiator.
Chapter 5 scrutinizes the performance of the proposed vehicular antenna arrange-
ment. Measured and simulated results are presented for a variety of configurations. The
chapter begins by presenting the results of embedding a wideband antenna into an actual
SMC body panel. The effect of curvature on a PICA antenna substrate is investigated
by both computer simulation and experimental investigation. Simulation results from the
Optimised PICA on a full vehicle body are presented, and measurements of the Optimised
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PICA mounted on an SMC roof panel at an outdoor antenna facility are presented. In or-
der to confirm the operation of the Optimised PICA in conjuction with SMC body panels,
the antenna and the roof panel are fitted to the top of an automobile. A driving test is then
conducted whilst measurements are made on a Trimble GPS receiver.
Chapter 6 summarises the findings of this thesis and suggests avenues for future
research.
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1.4 Original scientific contributions
This thesis has examined the application of wideband planar antenna technology to mod-
ern vehicles. A summary of the major contributions to the body of knowledge is listed
below:
• A thorough experimental study of the effect of paint on antennas has been per-
formed, including those paints which contain small metallic particles (Section 3.6).
• The parameters which control the impedance and radiation behaviour of the PICA
have been evaluated (Section 4.2.6), enabling creation of an Optimised PICA for
vehicular applications (Section 4.2.8).
• A novel wideband antenna geometry has been proposed — the WiPlaVe antenna
(Section 4.3.1).
• A new diplexer-divider-combiner device has been created using CSRR filters (Sec-
tion 4.3.2). The device controls the radiation pattern of the WiPlaVe antenna (Sec-
tion 4.3.4) by frequency-dependent feeding of the radiators.

Chapter 2
Literature Review
2.1 Introduction
This chapter discusses some of the basics of antenna devices and explains the terms and
conventions which will be used later in the thesis. It reviews the antennas which are
traditionally used on vehicles, and then details the recent developments and trends in
automotive antenna research.
2.2 Antenna Fundamentals
Antennas are necessary components of any wireless communications device or system.
An antenna is a device designed to send or receive radio waves. The antenna takes a
guided wave, usually bound to a transmission line of some type such as a coaxial line,
waveguide, or microstrip transmission line and allows that same energy to propagate
through free space. Antennas are passive devices, meaning that they do not require an
external power source. They are also linear, meaning that their function is preserved re-
gardless of the applied power level, and reciprocal, which implies that they behave in an
equivalent manner in either transmit or receive modes.
Electrically conductive materials are commonly used to create antennas. Most anten-
nas are made from metals, although they can be constructed from dielectric materials.
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2.2.1 Key properties of antennas
Specialised terminology is used to describe antenna performance. This language allows
engineers to express antenna behaviour, specify requirements, and compare various de-
sign options. Some of the most commonly used terms are included below. Text which
appears in quotation marks is from the IEEE Standard Definitions of Terms for Anten-
nas [2].
Bandwidth
The bandwidth of an antenna refers to “the range of frequencies within which the perfor-
mance of the antenna, with respect to some characteristic, conforms to a specified stan-
dard”. The most common usage of bandwidth is in the sense of impedance bandwidth,
which refers to those frequencies over which an antenna may operate. This is often de-
fined with the aid of the Voltage Standing Wave Ratio (VSWR) or return loss values from
measurements.
Other bandwidths which may be referred to are gain bandwidth, which defines the
range of frequencies over which the gain is above a certain value, and axial ratio band-
width which may be used in the case of a circularly polarised antenna.
Radiation Pattern
The radiation pattern represents the energy radiated from the antenna in each direction,
often pictorially. The IEEE Definition states that it is “the spatial distribution of a quantity
that characterises the electromagnetic field generated by an antenna”. Most often this is
the radiation intensity or power radiated in a given direction.
Gain
In many wireless systems an antenna is designed to enhance radiation in one direction
while minimising radiation in other directions. This is achieved by increasing the direc-
tivity of the antenna which leads to gain in a particular direction. The gain is thus “the
ratio of the radiation intensity, in a given direction, to the radiation intensity that would
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be obtained if the power accepted by the antenna were radiated isotropically” (that is,
equally in all directions). In the case of a receiving antenna, an increase in gain produces
increased sensitivity to signals coming from one direction with the corollary of a degree
of rejection to signals coming from other directions. Antenna gain is often related to the
gain of an isotropic radiator, resulting in units dBi. An alternative is to relate the gain of
any given antenna to the gain of a dipole thus producing the units dBd. (0 dBd = 2.15
dBi). Antenna gain may be viewed with the aid of a radiation pattern.
Polarisation
The polarisation of the wave radiated from an antenna describes the behaviour of the
electric and magnetic field vectors as they propagate through free space. Polarisation is
typically approximately linear. When linear, the polarisation may be further described as
either vertical or horizontal based on the orientation of the electric field with respect to
earth. In the automotive environment, the polarisation of signals depends on the service
in question. Many satellite services (such as GPS) use circularly polarised signals. For
best performance the polarisation of the receive antenna should match the polarisation of
the transmitted signal.
2.2.2 Impedance matching conventions
In low frequency electronic circuits, ordinary wires are used to connect components to-
gether to form a circuit. When the frequency in the circuit is high, or the circuit di-
mensions approach that of a wavelength, a transmission line (a special configuration of
wires or flat conductors) must be used to connect these components and avoid reflec-
tions. This transmission line has a defined impedance, and allows the high frequency
energy to propagate down the line. Impedance discontinuities in this transmission line
will cause a reflection and stop effective transmission down the line. For this reason the
input impedance of an antenna is critical to achieving proper matching to the transmitting
device to which it is attached. Most transmission lines have an impedance of 50 Ω , while
the impedance of an antenna changes with frequency. At some frequencies a given an-
tenna will not be matched to the transmission line, and will not accept or radiate power,
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while at those frequencies where the antenna is designed to operate, the impedance of the
antenna will allow the electromagnetic energy to pass into the structure and radiate into
the surrounding space. These frequencies would be deemed to be inside the antenna’s
impedance bandwidth.
Two measures of stating the impedance matching are commonly used, both of which
are based on the reflection coefficient, which is a measure of how much energy is reflected
back into the source from the antenna’s terminals. The first measure shows the reflection
coefficient on a logarithmic scale as |S11|. Common definitions require that |S11| be below
the -10 dB line to declare an acceptable impedance match. The second measure is similar,
but on a linear scale and is referred to as VSWR (Voltage Standing Wave Ratio). In this
terminology an antenna is deemed to be well matched to the line where VSWR is less
than 2:1. This corresponds to a value of -9.54 dB in the logarithmic scheme, meaning the
measures are approximately equivalent. Figure 2.1 shows plots of |S11| and VSWR for
a dipole antenna which is resonant near 900 MHz. Although the shape of the curves is
different due to the use of either log or linear scaling, both plots reveal that the antenna
presents a good impedance match to frequencies in the range from approximately 850
MHz to 970 MHz.
Although a 10 dB return loss is typically required in the majority of antenna appli-
cations, there are some exceptions. While some high performance systems may specify
more precise matching, a notable exception is the cellular phone industry which permits
more relaxed specifications. Most modern cellular phone antennas meet an |S11| require-
ment of -6 dB [3, p.30] which is equivalent to a VSWR of 3:1. Handset design in recent
years has sacrificed antenna performance in order to obtain an attractive, small sized hand-
set. The signal strengths used in cellular networks combined with advances in receiver
technology and modulation schemes compensate for handset antennas having low radia-
tion efficiency and poor electrical performance, resulting in adequate performance of the
overall system.
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(a)
(b)
Figure 2.1: (a) |S11| and (b) VSWR of a dipole antenna
2.2.3 Radiation Pattern Essentials
Gain and Radiation Pattern were introduced in Section 2.2. This section describes some
common radiation patterns and identifies radiation pattern features. Three dimensional
radiation patterns are shown in Figure 2.2, while a 2D radiation pattern on a polar plot is
shown in Figure 2.2.3.
Isotropic
According to IEEE Standard 145-1993, an Isotropic radiator is “a hypothetical, lossless
antenna having equal radiation intensity in all directions” (Figure 2.2(a)). Such an antenna
does not exist, nor can one be created. Nevertheless, an isotropic radiator is a useful con-
cept as a truly omni-directional source and as a reference for gain comparison purposes.
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When gains are specified in dBi, the gain of the antenna under test is being described
relative to this theoretical standard.
Omni-directional
When an antenna is described as omni-directional, this is understood to mean that the
antenna radiates an “essentially non-directional pattern in a given plane of the antenna
and a directional pattern in any orthogonal plane”. A pattern of this type is shown in
Figure 2.2(b). In this figure it may be observed that the magnitude of the radiation is
non-directional in the azimuth (around the sides) but not in elevation (sweeping from
high to low). A pattern of this type is produced by dipole antennas and monopoles on an
infinite ground plane. It represents an ideal standard for many services in the automotive
environment where coverage is required on all angles around the vehicle but not required
in the upward direction towards the sky.
Directional
A directional radiation pattern is shown in Figure 2.2(c). This type of pattern can boost
the signal strength due to its higher gain if aimed in the required direction. This comes at
the expense of reduced effectiveness in other directions which may be desirable in certain
applications. Highly directional antennas are desirable for point-to-point links and have
application in automotive radar systems where a narrow beam may be scanned to detect
nearby targets.
(a) Isotropic (b) Omni-directional (c) Directional
Figure 2.2: Three dimensional radiation patterns
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A two-dimensional representation highlighting common features
Radiation patterns are often plotted in two-dimensional form. Figure 2.2.3 shows a 2D
cut through the y-z plane of the 3D radiation pattern shown in Figure 2.2(c). Careful
examination of both figures will reveal the equivalence of the radiation information pre-
sented. Distinct parts of a radiation pattern are referred to as lobes. These lobes and other
characteristic features of radiation patterns are highlighted in Figure 2.2.3.
Figure 2.3: Sample two dimensional radiation pattern
2.2.4 Near-field and Far-field Regions
The space surrounding an antenna may be divided into three approximate regions based
on the behaviour of the electromagnetic fields in each of these regions. The first two
regions are the reactive near-field and radiating near-field regions. The properties and
configuration of surrounding material in these regions may alter antenna performance,
and the field at any angle is dependent on the distance to the antenna. In the third region
known as the far-field region, the incident field can be assumed to be propagating as
a plane wave rather than a spherical wave over the finite area of a receiving antenna
aperture. The far-field region is normally regarded as beginning when the distance to the
antenna is equal to 2D2/λ where D is the maximum overall dimension of the antenna
and continues on to infinity. Once in the far-field region, common techniques to measure
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the far-field radiation pattern and gain of the antenna can be used. However, near field
scanning can also measure radiation properties at a much closer distance..
2.3 Traditional Vehicular Antennas
2.3.1 Mast Antennas
The low frequency, narrow percentage bandwidths, and relatively high signal strengths
encountered in AM and FM car radio systems have allowed the use of uncomplicated
antenna systems in the past. The most common antenna traditionally used for these bands
is the mast antenna. A conductive rod is used to form a monopole antenna, approximately
one quarter wavelength (λ/4) in length, which equates to approximately 75 cm in the
middle of the FM band. Locating such an antenna in the centre of the roof gives the
best radiation performance, with the antenna elevated above obstructions and surrounded
by a conducting ground plane of approximately equal extent in all directions. Despite
this, the front or rear fender is usually preferred for aesthetic reasons. Retractable and
non-retractable versions are commercially available.
Antennas for receiving FM radio in vehicles should receive signals equally well from
all directions around the horizon, due to the movement and rotation of the vehicle with
respect to the transmitting source. This quarter wavelength monopole antenna would
provide an ideal radiation pattern in the azimuth if it was mounted above an infinite ground
plane. Typical fender mounting provides a very non-ideal ground plane however, leading
to radiation patterns that are less omni-directional (ie. the radiation becomes directional).
Hence, designing such antennas for vehicles has traditionally been an iterative process
involving several stages of prototyping and measurement on completed vehicle bodies.
Retractable mast antennas (Figure 2.4) allow the antenna to be retracted, hidden and
protected when not in use. Such antennas consist of a long rod divided into numerous
segments. The segments are appropriately dimensioned to slide inside one another when
retracted, leading to a tapering profile when extended. Most modern retractable antennas
are raised and lowered by an electric motor leading to increased cost and expense. Such
power retractable antennas are often mounted on the passenger side of the vehicle, whilst
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manually operated retractable antennas tend to be installed on the driver side so the driver
can raise or lower the mast without having to walk to the other side of the vehicle.
For many years mast antennas were ubiquitous, yet in recent years mast antennas have
declined in popularity. They protrude from the vehicle body when erected, contributing to
aerodynamic drag and wind noise. They are fragile when erected and expensive to replace
if accidentally damaged.
(a) Manually
retractable mast
antenna
(b) Power rectractable mast
antenna
Figure 2.4: Technical drawings of typical mast antennas
2.3.2 Glass mounted AM/FM antennas
A second kind of AM and FM antenna is the glass mounted antenna. AM and FM anten-
nas using this technique have became very common in the last decade, as pre-amplifiers
have helped to compensate for poor radiation performance. On modern vehicles, these
antennas are similar in appearance to the demister elements commonly embedded in the
rear windscreen.
Many glass mounted antennas installed in present day vehicles are based on wire
geometry although the antenna may or may not be an actual wire. It can be formed by
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using wire of a very thin diameter or a silk screened film which is laminated between
layers of glass in the vehicle windows [4]. Glass mounted antennas provide no additional
aerodynamic drag and create no wind noise which is a significant advantage over mast
type designs. They also require no holes to be created in the vehicle body, which may
lead to cheaper tooling for the metal work. Despite this, on-glass antennas tend to be
more directional than mast antennas, which can lead to nulls in the reception on certain
angles around the vehicle.
On-glass antennas were first located in the rear windscreen, and this remains a com-
mon position on sedans made today. Many SUVs or station wagons use the rear quarter
window in preference to the rear window. A variety of different shapes are used for the
antennas, often forming grid or meandering geometries, with a shape that works well on
one vehicle not necessarily performing well on other vehicles [5]. No universal glass
mounted antenna has yet been discovered. This is due to the effect of the vehicle body
on the antenna’s impedance and radiation, which is significant for on-glass antennas. An-
tenna oriented vertically may provide better reception of vertically polarised signals.
Figure 2.5 shows a typical active rear window antenna. Early designs adopted the
defogger elements themselves and connected through a DC blocking capacitor to the radio
tuner. Newer designs often separate these two functions, having a defogger element which
occupies most of the glass, with a smaller area set aside for antenna lines. Although these
kinds of antennas have been in use for several decades, they are still being researched and
refined [6].
Figure 2.5: Schematic of a typical rear windscreen glass antenna
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2.4 New developments and research outcomes
Examination of production vehicles produced over the past ten to fifteen years reveals a
shift away from the traditional quarter wavelength mast antenna towards more aestheti-
cally pleasing antennas. This section provides a review of new findings and innovative
solutions to vehicular antenna problems along with the advantages and disadvantages of
each type.
2.4.1 Bee-sting antenna
The bee-sting antenna is a wire antenna similar to the mast antenna used for many decades,
but consists of a shortened element installed in a raked back attitude (Figure 2.6). An am-
plifier is used to boost the signal level to compensate for the poor performance obtained by
the shorter antenna length [7]. Some antennas also include a separate feed for a Cellular
phone or DAB system.
Figure 2.6: Bee sting antenna manufactured by Kathrein
2.4.2 Blade or Shark-fin antennas
Many varieties of shark-fin antennas exist, having been popularised primarily by the Eu-
ropean marques near the turn of the 21st century. Shark-fin antennas are commonly a
collection of several antennas. Most designs consist of multiple narrowband antennas all
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located together under a single radome or housing. This housing is typically shaped like a
blade or dorsal fin and is usually located on the roof towards the rear of the vehicle. Two
examples of shark-fin designs are shown in Figure 2.7.
(a) (b)
Figure 2.7: Shark-fin antennas
Figure 2.8 shows an early shark-fin antenna design in detail. This design was fitted
to the BMW 3-Series (E46) and provides for cellular phone frequencies. The antenna
consists of a cast steel base and a fin-shaped cover made from an ABS and Polycarbonate
polymer. Radiating elements are on both sides of a fibreglass circuit board which stands
erect in the middle of the device. Rubber gaskets are used to seal the inner components
from the environment. The design achieves an impedance match (shown in Figure 2.9)
at the required frequencies by incorporating inline filters which allow the radiators to be
a quarter wavelength long at high and low frequencies simultaneously. A surface mount
resistor is used in conjunction with a printed inductor on the reverse side of the board to
form a filter. This filter has the effect of connecting the upper radiating elements at lower
frequencies by creating an electrical short circuit. At higher frequencies the filter creates
an open circuit, leaving only the short elements connected to the feed line.
Figure 2.10 shows a shark-fin style antenna which was published in the literature for
use in US automobiles [8]. With the cover removed, it is clear that this antenna demon-
strates the case where multiple individual antennas are located together under a single
radome. The leftmost antenna in the figure is a GPS antenna, constructed using a probe
fed patch design on a high dielectric constant substrate. This provides a hemispherical
radiation pattern covering the sky which is appropriate for receiving satellite signals. Cir-
cular polarisation may be induced in patch antennas such as these by truncating diagonally
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(a) Shark-fin on vehicle roof
(b) Shark-fin with radome removed showing filters
Figure 2.8: BMW 3-Series E46 Sharkfin Antenna
opposite corners of the patch, or by feeding the antenna off centre. The white antenna to
the right of centre in the figure is a crossed frame antenna for SDARS reception. The
two posts present in the design provide for cellular telephone reception. The elements
are based on quarter wavelength monopoles with top loading elements to increase the
effective electrical length at the low end of the band. The presence of these posts is typ-
ical of shark-fin antennas, however these particular posts contain filters which have been
optimised to have minimal effect on the nearby SDARS antenna. Other shark-fin style
devices are presented in [9] and [10].
Shark-fin antennas can have several drawbacks in automotive antenna systems. They
are often complex devices composed of many small parts which makes them expensive to
fabricate. Radiation performance may be compromised by mutual coupling between the
various radiating elements which are sited very close to each other. Furthermore, shark-fin
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Figure 2.9: Measured reflection coefficient of BMW 3-series E46 Shark-fin Antenna
antennas are external to the vehicle body. This adds aerodynamic drag and makes them
prone to accidental or intentional damage.
Figure 2.10: Internals of a modern shark-fin antenna [8]
2.4.3 TV Antennas on Glass
Research has continued into traditional AM and FM antennas mounted on glass even to-
day [11], particularly in the area of effective simulation techniques. At the same time,
antenna configurations for other services have also been investigated. An early paper de-
scribes the system shown in Figure 2.11 of a diversity reception system for analogue TV.
The antennas are printed on the rear quarter glass and have four branches. The antennas
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are arranged symmetrically on the left and right sides of the vehicle. The design includes
some meandering elements which give a long electrical length in a small space. Other
branches of the design include slanted and short horizontal elements. The authors claim
the system provides improved performance over a rod antenna, and is capable of operating
in the range from 90 MHz to 770 MHz [12].
Figure 2.11: Analogue TV Antenna system in rear quarter glass [12]
A glass mounted antenna designed for the newer Digital Terrestrial TV reception is
shown in Figure 2.12. The H-shaped elements allow both long and short current paths
to be formed, providing a wideband impedance match [13]. The long path occurs when
current flows diagonally from top left to bottom right in Figure 12(a), while the shorter
path runs diagonally from bottom left to top right. The impedance matching of this design
results in a VSWR of less than 3:1 from 470 MHz to 710 MHz when connected to a 110 Ω
line. The antenna is formed on a low cost FR-4 substrate, and is integrated with an RF
circuit which provides a balun, some filtering, and a Low Noise Amplifier (LNA) to boost
the signal before it is sent down the transmission line to the tuner. Four of these antennas
were installed in the test vehicle shown in Figure 2.12(b), being located in the upper
portion of both the front and rear windscreen on both driver and passenger sides. The
gain and radiation pattern of the system was measured at 530 MHz, and it was found that
the radiation pattern was nearly omni-directional at this frequency when all four antennas
were excited.
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Figure 2.12: Digital TV Antenna attached to vehicle glass [13]
2.4.4 Circular Microstrip Patch Antenna on Glass
Microstrip Patch antennas have many advantages in communication systems including
being thin, cheap to produce, and easy to integrate into devices. The application of this
kind of antenna to automotive glass has been investigated by several researchers. One
paper suggested two methods of patch antenna integration [14]. The first is a patch an-
tenna formed on a traditional microwave substrate such as Rogers RT Duroid which is
then attached to the inside of a vehicle windscreen (Figure 2.13(a)). The second describes
a more integrated concept which uses a layer of glass itself as the antenna substrate, and
excites the patch with a proximity coupled feed line (Figure 2.13(b)). Patch antennas
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using the first method of integration were designed to resonate near 2 GHz and 6 GHz
respectively, and were adhered to a vehicle windscreen for testing. A useful increase in
impedance bandwidth from less than 2% to about 7% was observed due to the addition
of a thick dielectric superstrate. Presence of the glass also generates surface waves which
create undesirable ripples in the far-field radiation pattern. The second method using glass
as the antenna substrate poses fabrication complexities, and would lead to a high wind-
screen replacement cost in the event of cracking or breakage, so was only investigated
by simulation. Simulation results showed that this geometry would also result in lower
radiation efficiency due to increased surface wave losses. The electrical properties of the
layers in the windscreen were εr1 = 6.75, tan δ = 0.03 for the glass and εr2 = 2.9,
tan δ = 0.05 for the middle plastic layer.
The thickness of automotive glass may vary by up to 15% in the standard manufac-
turing process. This causes no problems or distortions for driver vision, but could present
a problem for patch antennas attached to glass. The centre frequency of the antenna may
be shifted by up to 3% and could be coupled with an additional but slight change in the
impedance bandwidth.
Figure 2.13: Patch Antennas on glass [14]
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2.4.5 Rear Spoiler with Built-in Antenna
In the late 1990’s a team of Japanese engineers working with Toyota and Aisin Seiki de-
veloped a rear spoiler to be mounted up high on the rear of a compact SUV. This spoiler
was the first to be fitted with an invisible antenna (Figure 2.14). The paper describes a
blow molded part made from a polymeric material [15]. The spoiler is located high on the
vehicle, minimizing shadowing from passing traffic. The antenna is similar to a dipole
which would normally require a balanced feed. In order to connect a dipole antenna to a
coaxial line, a balun is usually required. The geometry of the spoiler and processing tem-
perature during manufacture would make integration of such a balun difficult. In order to
overcome this, an innovative antenna design is used. The shorter element in Figure 2.14(a)
is approximately λ/4 long, while the longer element is approximately λ/2. Parametric in-
vestigations found that a tab at the end of the longer radiating element improved antenna
performance by coupling to the vehicles metallic roof. Although the directivity is less
than perfect (Figure 2.14(b)), it is adequate for the intended application.
(a)
(b)
Figure 2.14: Integrated antenna in spoiler [15]
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2.4.6 Volvo XC90 aperture antenna
Swedish manufacturer Volvo fitted a unique antenna to their XC90 SUV, launched in
2003. The system provides an alternative to glass mounted wire antennas which may be
adversely affected by heated windscreen elements and window tinting films containing
conductive metallic layers. The XC90 is fitted with a traditional metallic skinned ‘turret
top’ roof, but an aperture is created at the rear of the vehicle. This opening is covered
with a polymeric panel, and forms an ideal location for some hidden antennas [16]. Fig-
ure 2.15(a) shows the XC90 from above and Figure 2.15(b) shows some simulation results
of the vehicle’s metallic structure for different antenna configurations. The aperture in the
vehicle body is clearly shown. The portion of roof which contains the antennas is the
black unpainted section at the rear of the vehicle in 2.15(a) which at first glance may look
like a sunroof.
(a) Completed XC90 vehicle (b) Simulations of surface currents on XC90
Figure 2.15: Volvo XC90 [16]
Seven antenna components (Figure 2.16) are formed by printing wire shapes onto
a large polyester film using conductive ink. The antennas act as monopole probes, ex-
citing the aperture in which they are placed. For some services, multiple antennas are
used in different locations to achieve radiation and polarisation differences between ele-
ments allowing diversity reception. The film bearing the printed antennas is attached to
a plastic carrier which contains the necessary amplifiers, and the whole unit is located
in the aperture and covered with a black polymeric composite material. Examination of
Figure 2.16 reveals that these antennas are for low frequency services, with Table 1.1
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revealing each service is centred well below 1 GHz. This low frequency implies a long
wavelength which requires physically long antenna elements. Note that the services tar-
geted in this design are different from those commonly used in the smaller shark-fin style
antennas. Performance of the roof aperture antenna for the FM band was compared in
both simulation and measurement against a roof mounted monopole with a length of 80
cm and a side window antenna as used in an estate car Figure 2.15(b). Unsurprisingly,
the authors report that the roof mounted monopole provided exceptional performance for
vertically polarised signals, but performed poorly for horizontally polarised signals. On
average, the roof mounted aperture antenna performed approximately 2 dB better than the
side window antenna, but was unable to trump the roof mounted monopole for vertical
polarisation gain.
Figure 2.16: XC90 antenna configuration [16]
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2.4.7 Body integrated spiral antenna
Researchers in Germany investigated the possibility of mounting a cavity-backed spiral
antenna in the trunk lid of a car [17]. The four arm spiral antenna produced is approxi-
mately 40cm in diameter and is backed by a metallic cavity (Figure 2.17(a)). The spiral
supports two modes of radiation depending on how the signal is fed into the structure.
The first mode is a coplanar waveguide (CPW) mode which creates a null at zenith (ie.
directly above the antenna) with omni-directional radiation around the sides of the device.
This mode generates a radiation pattern that is suitable for terrestrial services. The second
mode, known as the coupled slot line (CSL) mode feeds only two of the four arms, cre-
ating a circularly polarised radiator with a maximum at zenith (directly overhead). This
mode of radiation is ideal for satellite services. A metallic cavity with a height of 4 cm
was placed below the spiral to stop back-radiation into the vehicle body. Measured S-
parameters of the antenna with the cavity present are shown in Figure 2.17(b). The curve
is below -10 dB from 670 MHz to beyond 5 GHz for the terrestrial mode (|S11|), with the
exception of some peaks as high as -8 dB in the frequencies below 1.4 GHz. These peaks
are due to the presence of the metallic cavity. The satellite mode (|S22|) meets the -10 dB
requirement from 1.3 GHz to 2.2 GHz, providing broadband circularly polarised satellite
reception. The |S12| curve illustrates the coupling between the two ports.
Figure 2.18 shows the finished antenna installed in the intended location on a vehicle.
The top surface is mounted flush with the exterior trunk-lid panel. No measurements of
the antenna installed in the vehicle were provided. The antenna provides for multiple
services due to its wideband impedance match and results in an elegant solution, given
that the structure does not protrude from the vehicle body, eliminating additional drag. A
second body-integrated spiral antenna is presented in [18].
2.4.8 Antennas integrated into Plastic Trunk Lid
Heinz Lindenmeier and his team at the University of the Bundeswehr Munich have made
an outstanding contribution to vehicular antennas over many decades, particularly with re-
gards to amplifiers and diversity systems. Lindenmeier and his team presented an antenna
concept for application in cars with plastic trunk lids (Fig 2.19) as is common in some
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(a)
(b)
Figure 2.17: Four arm spiral antenna [17]
cabriolets and convertibles [19]. In such vehicles a traditional fixed glass rear window
is not normally available, so integration into the plastic trunk lid is an ideal substitute.
In order to create an antenna a copper ring is created around the perimeter of the plastic
trunk lid near the metallic supporting structure (Figure 2.19). Two switches are inserted
into this ring, and act to control the impedance of the network. Both ends of the ring are
connected to an amplifier unit which is used to obtain both FM-diversity and TV recep-
tion. A separate AM radio feed is connected to a wire antenna geometry which is located
inside the previously mentioned ring. A ground plane is also included in the middle of
the ring. The intention is that a cellular phone antenna, or GPS patch antenna may be
installed to this location under the polymeric trunk lid. This would provide an ideal spot
to locate antennas for higher frequency services and would not disrupt the operation of
the lower frequency services.
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Figure 2.18: Spiral antenna integrated into the trunk lid of a Mercedes Sedan [17]
Figure 2.19: Active antennas integrated into Plastic Trunk Lid [19]
2.4.9 Satellite Antennas
Several designs exist for reception of Ku-band satellite signals on either moving or sta-
tionary vehicles. High gains of 30 dBi or higher are required, leading to the use of reflector
antennas [20] or array antennas [21]. Reflector antennas are often mechanically steered
and housed in a radome which results in a high profile device approaching half a me-
tre in depth (Figure 2.20(a)). Array antennas use a collection of many patch antennas and
typically result in roof mounted components with a lower profile, thinner than 10 cm (Fig-
ure 2.20(b)). These systems may be steered mechanically with motors, or electronically
by changing the phase between elements.
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(a) Satellite reflector system [20] (b) Satellite phased array system [21]
Figure 2.20: Satellite antenna systems
2.4.10 Collision Avoidance Radar
Antennas designed to work as part of a collision avoidance radar system are very small
because of the high frequencies of operation (typically 24 GHz or 77 GHz) which leads
to a correspondingly short wavelength, and small antenna size. 77 GHz is preferred for
Long Range Radar detection, up to 150 m in front of the vehicle, while 24 GHz systems
are used for Short Range Radar where the distance is less than 30 m. Many requirements
need to be satisfied in designing such antennas [22]. Figure 2.21 shows some recently
presented antennas for these purposes. Figure 2.21(a) and 2.21(c) show antennas for 77
GHz radar systems published in the literature, while Figure 2.21(b) shows a commercial
system used by Mercedes.
(a) a fabricated 2x1 77
GHz Patch array [23]
(b) the Mercedes Long Range Radar Sys-
tem [24]
(c) a 77 GHz Yagi-
Uda antenna used to
feed a reflector [25]
Figure 2.21: Automotive Radar antenna configurations
A technique for conformal integration of 24 GHz radar antennas into injection moulded
polymer panels was recently presented in [26] and [27]. The papers present the complete
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fabrication process for integrating printed antenna geometries into multi-layered injec-
tion moulded car body panels, such as bumper components or doors (Figure 2.22). The
polymer technologies employed differ significantly from those selected for this thesis.
The frequencies of interest are also significantly different, with narrowband high gain
patch antenna arrays used, as is required for such a radar system. These published works
demonstrate the potential benefit of embedded antennas in polymeric vehicular compo-
nents.
2.4.11 Other Automotive Antenna configurations
Other antennas of interest presented in the literature include, for cellular phone use, a
multiband phased array antenna [28], and a steerable smart antenna array system pre-
sented by Lindenmeier et. al. [29]. Lindenmeier’s team also demonstrated a multifunc-
tional five-band antenna for vehicles [30] which includes cellular phone and other bands.
An automotive antenna for cellular phone applications mounted on glass was recently
presented in [31].
A unique kind of vehicular antenna configuration is presented in [32]. The system is
for external attachment similar to a shark-fin antenna. The authors stacked a circularly
polarised microstrip patch antenna on top of a biconical antenna and combined them into
Figure 2.22: Polymer integrated 24GHz radar antennas [27]. Region (1) shows the coloured foil
material which is used as a substitute for a painted finish, (2) shows the antenna metallisations on
(3) a polymer foil. (4) is a thin layer of copper which forms the antenna groundplane, and region
(5) is a back-injection moulded material which provides mechanical strength
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a common housing to create a dual band device with distinct radiation patterns in each of
the bands. The resulting device is fairly large with a significant height.
Other automotive antenna publications which have recently appeared in the literature
include antennas integrated into a vehicle’s external mirrors to provide AM, FM and DAB
reception [33]; the use of electromagnetic bandgap structures [34] to create a quad-band
vehicular antenna; and a system of two nested patch antennas [35] which are used to
provide a compact GPS and SDARS receiving structure.
An antenna for intra-vehicle communication at the 2.4 GHz ISM band was recently
presented [36]. It is designed to be integrated into the dashboard of a vehicle to enable
communication with consumer devices in the cabin.
A genetic algorithm is used in [37] to produce a quad-band reconfigurable vehicular
antenna with a height of 12 mm, and an antenna for the South Korean WiBro service is
presented in [38] which operates at only a single band. The device is low profile but still
has a height of over 8 mm. A multiband stacked patch antenna which includes a band
for Electronic Toll Collection purposes has been designed [39]. The device provides an
impedance match at three bands of interest and has an overall height of 6.4 mm. A slot-
loaded corner-truncated patch antenna for triple service operation is presented in [40].
Best performance is achieved when the structure has a height of approximately 5 mm.
A Yagi-Uda style antenna for vehicular use was recently presented [41]. The antenna
is designed to operate with a centre frequency of 60 MHz, so the device is physically large
despite being electrically small.
Propagation modelling results for DSRC and MIMO applications were recently pub-
lished by a team of researchers from Germany [42–44].
It is worth noting that third party antennas are often installed on taxis, emergency ve-
hicles, four-wheel drives and other vehicles with unique communications requirements.
Elevated feed monopoles and collinear arrays are commonly supplied for these applica-
tions. Such antennas are not routinely installed by vehicle manufacturers and thus they
are not the focus of this review.
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2.4.12 Conclusion
Automotive antennas have seen significant advancements in recent years. No longer is
a large protruding fender mounted mast antenna the norm for production vehicles. As
seen from the antenna configurations mentioned here, a good impedance match can be
obtained for a wide frequency range. Also, depending on the frequency range being tar-
geted, it is possible to achieve acceptable gains and directivities. These developments
augur well for the deployment of a new range and type of integrated vehicular anten-
nas. Future developments will likely focus on two key areas: further integration of the
antenna components with the vehicle structure, and new antenna configurations for radar
and vehicle-to-vehicle communication services. With the developments in antenna design
mentioned in this chapter, further integration of antennas within vehicular components
will be expected, particularly with the present inexorable drive from within the automo-
tive industry, to shift more automotive components from metallic to polymeric materials.

Chapter 3
Antenna Embedding Considerations
3.1 Introduction
In order to successfully embed a radiating device such as an antenna into a vehicle body
panel, several design and application criteria must first be evaluated. These considerations
relate primarily to the effect on antenna performance of the materials and the space imme-
diately surrounding the antenna. The following research questions need to be addressed:
• Will the moulding process lead to deformation of the antenna? If so, how will such
deformation in the antenna substrate effect performance?
• What are the electromagnetic properties of the material which is intended to be
used?
• If the antenna is to be embedded in a body panel, can that panel be painted with
traditional automotive paints while preserving antenna performance?
• If traditional automotive paint is acceptable, are ‘metallic’ paints containing metal-
lic particles acceptable?
This chapter addresses these questions and presents the research findings. It outlines
the materials used, and briefly describes the compression moulding process. Results ob-
tained during collaborative polymeric rheological testing and deformation modelling are
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presented. In addition, the electrical properties of the materials of interest are charac-
terised by experimental determination of their permittivity. Finally, the effect of various
automotive paints, including those with ‘metallic flakes’ is investigated.
3.2 Antenna embedding
3.2.1 Materials of interest
The materials of interest for this work are those materials which are used by the com-
mercial partner Composite Materials Engineering Pty. Ltd. (CME) in their production
processes, specifically those used in their automotive product line. Sheet Moulding Com-
pound (SMC) material is used in the majority of CME’s production. It is a composite
material consisting of unsaturated polyester and chopped glass fibres. SMC is a ther-
moset polymer, meaning that once it has been heated and cured it hardens and, at the
molecular level, the polymer chains cross link to form permanent bonds in the composite
matrix. Once cured, thermoset materials will not again soften or melt at high tempera-
tures. SMC is produced in a continuous process, by pouring out the polymer compound
mix and dispersing randomly chopped glass fibres over the top, to produce a flat sheet. It
is then wound onto a roll for storage and transport before moulding. CME have facilities
for their own in-house production of the raw SMC sheet, which enables them to produce
a variety of grades of the material for different purposes. Three primary SMC variants are
used by CME in the production of automotive components, which we shall henceforth
refer to as SMC530, SMC647 and SMC680. Each variant has slightly different chemical
composition and is primarily distinguished by variations in glass fibre and filler content.
CaCO3 (calcium carbonate) is used as a filler material. Varying the ratios of resin, glass
fibre, and filler enables control over the strength, weight, rigidity and cost of the finished
product. Small amounts of additional compounds are added to the SMC formulation to
control engineering parameters, such as the speed of the curing process in the mould, or
to control shrinkage of the part after moulding.
The exact chemical composition of the SMC compounds produced by CME is closely
guarded and not publicly releasable. However, the composition of typical SMC is shown
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in Table 3.1.
SMC is used for a variety of applications. It can be used for various domestic appli-
cations including shower bases and sinks. It can be used to make roof tiles and dyed the
appropriate colour to give the appearance of slate roof tiles. SMC is widely used in the
automotive industry. SMC is often used in headlamp housings, valve covers and body
panels. One of its strengths is that it can be used to form a high quality ‘Class A’ surface.
Such a surface is smooth, glossy, and is suitable for painting. In this context it may be
used to form a body panel on the exterior of a vehicle body, such as a roof panel, the
hood/bonnet, or rear deck/boot.
Composite Materials Engineering also use a material called Glass Mat Thermoplastic
(GMT) for automotive components. GMT is a composite material containing glass fi-
bre reinforcement like SMC yet is based on polypropylene resins rather than unsaturated
polyester. While SMC is a thermoset material, GMT is a thermoplastic material. This
means that it always softens when heated — the heating process can be repeated and the
material will be softened repeatedly. It is recyclable, has good strength and toughness,
but does not form a smooth ‘Class A’ surface. For this reason, GMT tends to be used
in structural components within the vehicle body rather than for external body panels.
For example, GMT may be used to make a tub below the boot/trunk of a vehicle in or-
der to house the spare wheel. Such a tub is exposed on the bottom side of the vehicle,
and needs to be strong enough to maintain structural integrity while potentially accepting
Table 3.1: Typical SMC composition by weight
Material Percentage Weight
Resin 30–45%
Glass fibres 30–35%
CaCO3 and filler 15–20%
Styrene 5%
Catalyst (BPO) 0.5%
Mould release 0.1–1%
Thickeners 0–1%
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blows from large stones and rocks. In addition, the use of a composite polymer such as
GMT in these applications is favourable due to the ability to mould complex shapes into
a single part. This often leads to a reduced parts count and shortened vehicle assembly
times, while the inherent benefits of the composite polymer material’s properties result in
reduced component weight but equal strength and toughness compared to equivalent steel
components.
3.2.2 Compression moulding
Compression moulding is the most commonly used process for forming thermoset plastic
products. Products produced by the compression moulding process have a variety of
properties. The resulting products typically have high rigidity and strength, and good
surface properties, being smooth, glossy, and paintable. The necessary components for
production of SMC parts are:
• a large hydraulic press (typically capable of exerting several hundred tonnes of
force)
• the tool or die for the part to be produced (this is essentially a mould of the part
with both top and bottom halves)
• a supply of the uncured raw material, usually a roll of SMC
Whilst the name of the technique ‘compression moulding’ might sound quite foreign,
the process itself is very similar to making waffles in the kitchen at home. It uses a closed
mould with matching die to make 3D parts.
Compression moulding of thermoset materials involves placing relatively cool mate-
rials into a hot tool. The first step in the process is to mount the tool in the press and
heat it to the desired temperature. This is usually in the range from 120◦C to 200◦C. A
charge of unprocessed material is cut from the roll of SMC and weighed. The weight of
the charge is adjusted by adding smaller pieces of the unprocessed SMC until the target
charge weight is achieved. At this point the press is opened and the charge is loaded into
the tool (Figure 3.1(a)) at specific locations. Once the operator is clear of the equipment,
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the press is closed rapidly (Figure 3.1(b)). When the top half of the tool contacts the
charge the rate of closure is slowed down to a few millimetres per second, allowing the
material to flow and fill the mould cavity. The press remains closed for a predefined pe-
riod, usually in the range of one or two minutes, to enable the crosslinking of the polymer
to complete in this high temperature and high pressure mould environment. At the con-
clusion of this period, the press is opened (Figure 3.1(c)) and the now solid SMC part is
pushed up by the ejector pin (Figure 3.1(d)) and removed while it is still hot. The tool
can now be reloaded with the next charge and the process is repeated while the first part
cools and has any flashing removed. This flashing is unwanted material attached to the
final product that is caused by material leaking out from the moulding cavity into the gap
between the tool surfaces (seen in Figure 3.1(b) and (c)). Flashing is thin, weak, and
easily snapped off by the operator using a gloved hand, or cleaned up with a hand file.
The large forces involved in the compression moulding process are easily capable of
bending a thin antenna substrate, as many tonnes of force are exerted on a small area. The
flow of material inside the tool during the moulding process may also lead to bending of
the antenna substrate. Such forces on an embedded antenna would depend upon both the
viscosity and the velocity of the flow. In order to understand these forces, it was necessary
to investigate the rheology of the material and model the deformation within the tool.
3.3 Rheological testing and Deformation modelling
3.3.1 Involvement in research aspects of mechanical work
This research on embedded vehicular antennas was carried out within the context of a
research collaboration as part of an Australian Research Council (ARC) Linkage Project.
The ARC Linkage Projects scheme links academia with industry and aims to provide na-
tional benefit through economic or other means. Upon commencement of the project, the
assembled research team began with the goal of creating an antenna embedding capability
that could be employed by the commercial partner, Composite Materials Engineering Pty.
Ltd. (CME). The goal: to add value to their polymeric body panels used in the automotive
industry by incorporating antennas into the panels by an embedding process. From the
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Figure 3.1: The compression Moulding process. (a) a charge consisting of sheets of SMC is
placed into the tool, (b) the press closes forcing material flow and fill the mould, (c) the press
opens revealing the moulded part – flashing is present, (d) the ejector pin pushes the part up out of
the lower half so it can be removed by the operator and have flashing removed
time of the project’s initial conception, it was decided that the work would proceed in two
primary directions. The first direction was the design of an innovative low profile antenna.
This was the work which I, Brendan Pell, was tasked with. The second area of investi-
gation was the analysis of the material flow inside the manufacturing tool, which would
provide information on expected antenna deformation and other manufacturing process
parameters such as optimal times, temperatures and material locations. Although this was
not the focus of my research, I assisted in obtaining the research outcomes through my
participation in encapsulation trials and assisting with rheological measurements. The
core outcomes of this work were presented in Journal papers and Conferences papers in
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the relevant field. The work is briefly summarised in Section 3.3.2 and Section 3.3.3
below.
3.3.2 Rheology
Rheology is a field of science which is concerned with the deformation and flow of matter.
It can involve the study of fluids, or those solids which have fluid-like properties. Mate-
rials such as SMC are polymers which are composed of long chains of molecules. These
polymer chains are flexible and move when a force is applied. Scientists working in the
field of rheology have developed a variety of tests to enable a material to be characterised.
Two key tests were conducted to analyse the rheology of SMC material. These tests
are known as shear rheological tests and dynamic rheological tests respectively.
The characterisation of SMC was conducted with use of the Advanced Rheometric
Expansion System (ARES 2000) rheometer and RSI Orchestrator software available in
the laboratory at RMIT University. The ARES 2000 accepts a circular-disk sample of
the material under test between two circular plates (Figure 3.2). It is then able to apply a
sinusoidally varying dynamic torque to the lower plate and measure the resulting torque
on the upper plate. The material thus experiences strain backwards and forwards, and
information about its rheological properties can therefore be deduced. Additionally, the
machine is able to heat the sample to study the gradual curing or crosslinking of a polymer
over time.
Figure 3.2: Rheology characterisation setup
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The overall resistance of a material to deformation is called the Complex Modulus, G*,
regardless of whether that deformation is viscous (permanent) or elastic (recoverable).
The elastic portion of the complex modulus is called the Elastic Modulus, G’, while the
viscous portion of the complex modulous is called the Loss Modulus, G”.
Like most other polymers, SMC is a viscoelastic material. A viscoelastic material is
one which demonstrates both viscous and elastic behaviour when deformed. If a material
can be said to be viscous then as if squeezing honey with one’s hands, when a shear stress
is applied the strain is linear with respect to time. This is due to the flow of material
in response to the applied force. A purely viscous material dissipates all of the shear
energy and the net strain is constant over time. On the other hand an elastic material, like
squeezing a rubber ball with one’s hands, displays an immediate increase in strain and
returns to the original shape when the stress is removed.
Details of the rheological tests conducted on SMC can be found in the following pub-
lished works [45, 46]. The testing revealed that the material displays the shear thinning
behaviour which is typical of thermoset polymers below their curing temperature. While
the unprocessed SMC resins remain unlinked the loss modulus (G”) dominates, with the
material dissipating the energy delivered to it. Once the curing temperature is attained,
the viscosity rises abruptly and G’ (the elastic modulus) dominates. The G’ and G” pa-
rameters settle to constant values once the material is fully cured.
3.3.3 Deformation Modelling
The name James Clerk Maxwell is well known to those who design antennas or other mi-
crowave devices, and indeed amongst scientists and engineers more generally. Maxwell
was a 19th-century scientist of the highest order. He is best known for formulating classi-
cal electromagnetic theory as expressed in Maxwell’s Equations. Coincidentally Maxwell
also made an important contribution to the modelling of viscoelastic materials in what is
now known as the Generalized Maxwell Model or alternatively the Maxwell - Wiechert
Model.
The Generalized Maxwell Model can be used to accurately describe the viscoelastic
behaviour of SMC material with its system of springs and dashpots.
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Figure 3.3: Flow chart of the procedure followed to develop the deformation model
The purpose of a rheological deformation model is to be able to predict the deforma-
tion of an antenna embedded within an SMC part, due to the shear and normal stresses
applied to the antenna substrate during processing. The process used to develop the defor-
mation model is shown in Figure 3.3. Full details are provided in [47, 48]. The equation
derived (by E. Sulic) at the conclusion of this modelling process is:
τ12 =
i∑
ti=1
η
λ2
˙γ12exp
(−ti
λ
)
− η.m
λ3
exp
(−ti
λ
)
+ c
−
j∑
tj=1
η
λ2
˙γ12exp
(−tj
λ
)
− η.m
λ3
exp
(−tj
λ
)
+ c.
(3.1)
where:
τ shear stress
ti time material is in contact with the bottom tool surface
tj time material is in contact with the top tool surface
η viscosity
λ relaxation time of the material
γ˙ shear rate
m an adjustable variable (rate of change of shear rate)
c a constant
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A series of compression moulded antenna embedding tests were conducted to validate
the theoretical model, using a press as shown in Figure 3.1. Deformation of the antenna
substrate was investigated by embedding samples of the substrate material in SMC mate-
rial under a variety of different process parameters. The details of the tests are presented
in Table 3.2. Run numbers 1 - 4 investigate the effect of preheating the SMC charge, runs
5 - 7 experiment with different tool closing speeds, and runs 8 - 10 investigate the effect
of varying the tool temperature.
The results obtained show reasonable agreement between the predictions from the
equation and the measured values. A trend in the level of deformation is evident, partic-
ularly for runs 1 - 4, where the initial charge temperature is varied. The values for these
runs are plotted in Figure 3.4.
The initial charge temperature influences the amount of deformation in the antenna
substrate because it controls the initial viscosity of the SMC. Being a thermoset polymer,
high temperatures cause crosslinking of the polymer molecules in the SMC resin. Expo-
sure to these high temperatures cures the material permanently in an irreversible chemical
process. However, when heated to middle range temperatures, such as 60◦C, the viscosity
of the raw SMC material drops. In simpler terms, slight heating leads to a softening of
the material. In this way, preheating the charge before it is loaded into the tool reduces
deformation of an embedded antenna. Forces on the antenna substrate are reduced since
Figure 3.4: Graphical representation of the results of the deformation test for runs 1 - 4
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the SMC material flows more easily.
The other investigated parameters, tool closing speed and tool temperature also have
an effect on the flow of the material inside the tool during moulding, and the level of
deformation experienced by an embedded antenna. Relatively slow tool closing speeds
below 6 mm/s appear to produce the best flow. Run 8 and run 10 demonstrate the poor
performance which may result from improper tool temperature. When the temperature is
too low (run 8), the material does not flow well due to the higher viscosity, and higher
levels of deformation are experienced. If the temperature is too high (run 10) the material
may flow well initially, but it cures rapidly, even whilst the material is still flowing. This
results in a poor surface finish.
The research performed in collaboration with E. Sulic investigated issues related to
the manufacturing of a compression moulded panel with an embedded antenna. During
the compression moulding process, an embedded antenna formed on a thin low-profile
substrate is likely to experience some deformation. The substrate may bend, but it would,
if embedded in a flat panel, be confined to the thickness of the SMC part. Such SMC
panels are typically not more than 3 mm. An antenna may possibly also be placed on a
curved section of body panel, leading to a much larger curvature. The effect of bending
on a wideband antenna is investigated in Section 5.2. The theoretical model developed
indicated that pre-heating of the SMC charge would raise its initial temperature and lead
to a corresponding decrease in the initial viscosity of the material as it flows in the tool.
This phenomenon was validated experimentally, with lower deformation observed when
an initial charge temperature of 60◦C was used.
3.4 Permittivity
The IEEE Standard Definitions of Terms for Radio Wave Propagation [49] defines the
permittivity of a material as “A macroscopic material property of the medium that relates
the electric flux density, ~D, to the electric field, ~E, in the medium”. This is usually
represented in equation form by the phasor equation:
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~D = ε¯ · ~E (3.2)
where ε¯, the complex permittivity, is a tensor that is generally frequency dependent.
For an isotropic medium, the tensor reduces to a complex scalar:
ε = ε′ − jε′′ (3.3)
where:
ε′ is the real part of the permittivity
ε′′ accounts for losses
The relative permittivity is also known as dielectric constant. It is a quantity which de-
scribes the degree of interaction between an electric field and electrical charges or dipoles
in a dielectric medium, and is a function of frequency, temperature, humidity, and other
parameters.
The permittivity of surrounding materials is an important consideration when design-
ing electromagnetic devices such as antennas. When an electromagnetic wave travels
through a dielectric medium its frequency remains constant, but both the speed of prop-
agation and wavelength will decrease as governed by the permittivity. This change in
wavelength requires a change in the dimensions of the antenna because its dimensions are
tuned in accordance with the wavelength of interest. It is therefore important to deter-
mine the dielectric constant of the composite materials intended to be used in conjunction
with the antenna, as it is imperative to know how much the desired wavelength will be
shortened.
Changes to the real part of the permittivity, ε′, primarily influence the physical size of
an antenna designed to be resonant at a particular frequency. A higher permittivity leads
to a shorter electrical length. However, if an antenna designed for a particular frequency in
free space is surrounded by, or embedded in a dielectric material with a higher permittiv-
ity, the frequency of operation of that antenna will be shifted towards lower frequencies.
The imaginary part of the permittivity, ε′′, predominantly effects the loss in the medium.
If an antenna were embedded in a highly lossy medium, the radiated signal would be
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strongly attenuated. The dimensionless quantity loss tangent is often used to describe the
relative magnitude of the imaginary part of a medium. The loss tangent tan δ is defined
by:
tan δ =
ε′′
ε′
(3.4)
Given the potential effect on the antenna performance in terms of both frequency
shifting and lossy attenuation, it is important to have an approximation of the values of
both ε′ and ε′′ before commencing the design of an antenna designed to operate whilst
embedded in or attached to the SMC or GMT dielectric material.
3.5 Determination of permittivity
Numerous techniques are available to measure the permittivity of a material. Each of
these techniques presents a range of advantages and disadvantages, along with a unique
set of sources of error. Measurements of the real part of the permittivity, ε′, tend to be
more readily and accurately obtained than measurements of the imaginary part of the
permittivity, ε′′.
At frequencies in the kilohertz (kHz) and megahertz (MHz) range, permittivity can be
measured using standard capacitive techniques. The sample under test is placed between
two conductive parallel plates and the capacitance of the system is measured and recorded.
The sample is then removed from the structure, and the new value of the capacitance of
the plates in air is measured. The difference in capacitance between the structure with the
sample present and the structure with the sample removed can be used to determine the
permittivity of the material. At frequencies in the gigahertz (GHz) range, this technique
is hampered by radiating fields from the structure.
At microwave frequencies the variety of techniques available all fall into one of three
broad categories: guided waves, resonators, or free space waves.
The first category, guided waves, contains techniques that have been in use since the
1970’s. Waveguide techniques that use either rectangular waveguide or circular ‘airline’
coaxial waveguides are well known. Open-ended coaxial probe setups which rely upon
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fringing fields penetrating into the material are also in this category.
The second category involves resonator techniques, where a material under test would
be placed in an enclosed metallic resonator. These techniques have the disadvantage of
requiring fabrication of a custom resonator, and are usually very narrow band.
The third category of free space measurements emerged in the mid-to-late 1980’s with
Ghodgaonkar et al’s paper being most noteable [50]. These techniques involved the use
of horn antennas with lenses to focus the electromagnetic waves down to a small spot
on a large planar sheet of material under test. The measurement of both transmission
and reflection provides enough information to calculate both the relative permittivity, εr,
and the relative permeability, µr. However for most materials it can be assumed that the
permeability is the same as the permeability of free space, which enables the use of the
|S21| alone, the transmission data, to calculate the permittivity.
3.5.1 Free space measurement
In this measurement system a Vector Network Analyser (VNA) and a pair of horn an-
tennas are used to measure transmission through a sample, as shown in Figure 3.5. The
measurement configuration and technique for this work closely resembled the configura-
tion proposed by Amiet and Jewsbury in [51]. Horn antennas covering the range from
1–18 GHz were employed. No lenses were used to focus the radiation onto the panel. Flat
samples of the cured SMC material were obtained from compression moulded parts, and
cut into large 500 mm x 500 mm squares to minimise the effect of any diffracted wave
around the sample. Time gating was also employed on the network analyser to ensure that
only the signal of interest was used for the measurements, and reflections from conduc-
tive components in the measurement setup or surrounding objects such as the walls of the
room were ignored. Given that the materials under test are known to be non-magnetic,
the relative permeability µr is able to be set to 1, and the transmission through the sample
alone can be used to determine the permittivity. Once the system was operating, a sample
of Rogers RT/duroid R© 5880 material with known permittivity was measured to validate
the results obtained for the SMC material.
This free space technique has the advantage of being non-destructive, relatively quick
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Figure 3.5: Free space measurement setup
to carry out, and able to measure a wide range of frequencies in a single test — the
frequency range is only restricted by the specifications of the horns and the VNA.
Figure 3.6 shows results from the SMC material variants and for GMT. It can be
seen that the permittivity of the SMC material is approximately 4.5 while the GMT is
closer to 2.5. The evaluated permittivity for each material shows some variability over the
frequency band. Some of this change may be due to an actual change in permittivity, but
some may be due to errors in the measurement, such as movement of the sample whilst
under test, or diffraction around sample edges.
Figure 3.6: Real part of the relative permittivity of the samples under test using the free space
technique
Figure 3.7 shows the imaginary component of the permittivity obtained during the
measurements. These results appear to be typical of those obtained with this technique,
including the changes in sign as the obtained value crosses the axis. It is difficult to
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conclude the loss tangent of the material from these results.
Additional testing with alternative techniques must be used to verify the real part of
the permittivity, ε′r, and to clarify the imaginary part, ε
′′
r .
Figure 3.7: Imaginary part of the relative permittivity of the samples under test using the free
space technique
3.5.2 Rectangular Waveguide
Waveguide measurements typically use a section of standard rectangular waveguide. The
technique works best when the sample is less than half a wavelength thick. A sample of
the material to be tested is cut and machined to fit precisely within the waveguide. Hence,
in contrast to the free space technique, this method is destructive, requiring that a flat
sample of known thickness be machined to match the inner dimensions of the waveguide.
Any air gaps around the edge of the sample will lead to erroneous results, and hence a
precisely fitting sample is important. Whilst this technique may be used at any frequency
band for which a waveguide may be obtained, implementing it at higher frequencies be-
comes difficult, due to the tighter tolerances required with increasingly small waveguide
sections. Given the small sizes of some waveguides, inhomogenous materials may give
inaccurate results when the size of inclusions in the material become comparable to the
size of the sample under test. Using many samples from different locations in the ma-
terial would give an indication of the true permittivity by allowing an averaging of the
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measurements. Another drawback of this technique is the narrowband nature of the mea-
surement. Measurements must be made within the normal frequency range of the selected
waveguide, which usually corresponds to a percentage bandwidth of only about 40%.
Although WR-90 is commonly used in the literature for the technique, WR-430 waveg-
uide was chosen for these measurements. WR-430 provides a more appropriate frequency
range for our automotive interests, and has the benefit of having physically larger dimen-
sions. WR-430 waveguide is typically operated from 1.7 GHz to 2.6 GHz, which falls in
the middle of the band of interest for automotive frequencies, and will provide a snapshot
of the relative permittivity of SMC and GMT in this region. Figure 3.8 shows the setup
used for this investigation.
The results obtained for the real part of the permittivity using the waveguide technique
largely agree with those results obtained for the free space method. The permittivity of
the samples indicates values of 4.6, 4.5, and 4.3 for SMC530, SMC647 and SMC680
Figure 3.8: WR-430 permittivity testing setup (Rendered image courtesy of Thomas Baum)
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respectively. The results indicate a relative permittivity of approximately 3 for the GMT
sample.
Figure 3.9: Real part of the relative permittivity of the samples under test using the waveguide
technique
While the results for the real part of the permittivity harmonize with those obtained
by the free space method, the results for the imaginary part of the permittivity are very
‘noisy’, and appear with both positive and negative signs, similar to those obtained with
the free space technique.
Figure 3.10: Imaginary part of the relative permittivity of the samples under test using the waveg-
uide technique
62 CHAPTER 3
3.5.3 Determination of material properties
Given the results obtained from the free space method and the waveguide method, we
can have confidence that the dielectric constant of the SMC variants is approximately
4.5 and will vary slightly depending on which particular SMC variant is used in a given
application. The magnitude of variation in the dielectric constant with different SMC
variants is small, and the results obtained will allow commencement of antenna design
activities. The real part of the permittivity for GMT appears to be somewhere in the range
from 2.5 to 3.
It seems that SMC is fairly lossy at microwave frequencies, in the same way that other
glass reinforced composite materials are, such as FR-4. An approximate loss tangent of
0.05 is used for the SMC material for the remainder of the thesis.
These obtained values are to be used in antenna design simulations. It is important
to note that any errors or differences in these values of permittivity will become apparent
upon fabrication and measurement of antennas throughout the remainder of the thesis.
Hence, whilst it is important to get these values as accurate as possible at the present time,
opportunities for further verification abound, given that differences between measured and
simulated antenna performance will become apparent.
3.6 The effect of paint
In addition to considering the permittivity of the materials in which the new automotive
antenna will be encased or attached, it is necessary to consider the effect of any paint on
the surface of the part. Once the antenna is embedded or attached to the target panel, the
composite panel will need to be painted to the same quality as the rest of the vehicle in
order to gain acceptance by vehicle purchasing consumers.
A detailed literature search on the effect of paint on radiating devices (such as an-
tennas) revealed surprising little information. References in the literature involving paint
and antennas are sparse. The most complete are three investigations which involve paint
applied to the surface of reflector antennas [52–54]. These papers pertain to testing at
frequencies in excess of 10 GHz, and report observed effects in cross polar performance,
CHAPTER 3 63
noise temperature and gain loss. Other existing references to paint effects on antennas in
the literature are side comments that excessive layers of paint have the potential to sig-
nificantly affect automotive radar antennas in the mm-wave region [22], or that metallic
paint has little effect for microwave frequency applications [55, 56].
For many years the standard AM/FM radio antenna was a monopole antenna of about
75cm in length which protruded vertically from the vehicle body. The monopole-like con-
figuration of the traditional automotive antenna required no investigation into the effect
of paint on the vehicle body, given that the radiating element was unpainted. However,
recent trends in vehicle design have seen a shift away from the traditional ‘mast’ antenna
towards more aesthetically pleasing antennas including smaller ‘bee-sting’ type antennas
[7], antennas incorporated in window or windshield glass [57], ‘shark-fin’ designs [8]
popularized primarily by the European marques, and conformal planar designs [16, 17].
In order to hide the antennas as much as possible and provide aesthetic freedom to vehi-
cle designers, it would be desirable to paint the antennas so they blend in with the vehicle
exterior, yet without disturbing their radiation performance.
Indeed, some existing ‘shark-fin’ and conformal automotive antennas fitted to modern
vehicles appear to have been painted, yet no works available in the published literature in-
dicate what the effect of this paint is. To the author’s knowledge, a thorough investigation
of the effect of automotive paint on planar antennas has not been conducted.
3.6.1 Overview of Paints Investigated
Paints with different chemical composition are used for different purposes around the
world. This investigation focuses on paints that are used in automotive applications. Lac-
quers and enamels were traditionally used in the automotive industry, but these chemistries
had the disadvantages of being fragile, easily damaged, and creating excess amounts of
pollution. In the past 50 years, developments in the realm of automotive paints have in-
cluded waterborne paints, base coat/clear coat systems and polyurethane topcoats [58].
Water based paints in particular are considered to be the future of automotive coatings
because of the fewer volatile organic compounds released by this paint type and the sub-
sequent environmental benefits [59]. In this investigation these newer paint technologies
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which are used on vehicles today and into the future are considered. The paints used
are from two families. The first is a two-pack polyurethane topcoat manufactured by
BC Coatings in Australia, and marketed under the name VC800 Structure 105, while the
second is a water based paint which uses the basecoat/clearcoat system, made by PPG
Industries, a dominant supplier in the world of automotive coatings. The effect of an
electrostatic primer is also investigated.
Electrostatic paints are used on some production lines and in other painting facilities
to obtain a higher yield during the painting process. An applied DC voltage creates an
electrostatic attraction between the object to be painted and the paint particles leaving
the painting gun. Once airborne, the paint particles are drawn towards the target object,
reducing overspray and more efficiently utilizing the available paint. In order to enable
electrostatic painting of inherently nonconductive polymeric panels, a partially conductive
“electrostatic” primer must first be applied. The electrostatic primer investigated here is
supplied by PPG Industries.
Table 3.3 provides a list of the samples investigated, and assigns an identification
letter to each paint for simplicity. The painted samples and antennas used in the inves-
tigation are shown in Figure 3.11. The paint samples are presented in order from left to
right, beginning in the upper left hand corner of the image with sample A (which is blank
to represent “no superstrate”).
Figure 3.11: Photo of the antennas and paint samples used in the investigation
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Aluminium flake size in metallic paints
Prior to examining the effect of these automotive paints on an antenna, a small section of
metallic paint from sample D was closely studied to inspect the metallic inclusions which
create the metallic effect.
According to [60], the size of the aluminium flake in metallic paints typically ranges
from 15 to 30µm. In order to determine the approximate size of the aluminium flakes
in test sample D, a Scanning Electron Microscope (SEM) was used to obtain a highly
magnified image of the paint.
An SEM creates a high resolution image by scanning a beam of electrons across a
sample inside a vacuum chamber, while a sensor measures the magnitude of electrons
returning from the sample. A sample of paint was placed inside the microscope and it
was found that the electrons would not travel through the paint binder, so observation of
the flakes from the top surface was impossible. In order to overcome this observation
difficulty, a small section of paint was lifted away from an off cut of the painted sample
and placed in the microscope. This process of lifting the small section away from the main
body of paint created a fractured edge along a small section of the paint. This fractured
edge provided a useful surface for investigation in the SEM because it created flakes which
protruded from the edge of the paint binder. By placing this small paint sample in the
microscope, and rotating the stage, an image of the edge of the paint was obtained, which
showed the protruding metallic flakes. A backscattered electron sensor was connected to
the pole piece inside the microscope, aiding the determination of the materials of different
chemical composition by creating visible variances in contrast. Figure 3.12 shows the
edge of the paint sliver with the protruding metallic flakes clearly visible. The lower
portion of the image shows the conductive carbon tape used to adhere the paint to the
sample holder in the microscope, while the upper portion of the image shows the top
surface of the paint which is smooth in appearance. The horizontal band running through
the middle of the image is the area of interest and shows the fractured edge of the paint.
Aluminium flakes can be seen to be protruding from the fractured edge and appear to be
a lighter shade due to the backscattered electron sensor. The size of the flakes observed
varies between 40µm and 55µm in maximum dimension, while the thickness of the paint
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Figure 3.12: SEM image of a section of paint removed from sample D
layer is approximately 170µm for this sample.
Close inspection of Figure 3.12 reveals the high density packing of metallic inclusions
in the paint under investigation. One may expect that given the density of aluminium
flakes in the sample, significant alteration in antenna performance may be observed. Each
metallic inclusion is a small flake of conductive aluminium, and it is intuitive to con-
clude that placing such a conductor in the near field of an antenna is likely to produce
undesirable side effects.
3.6.2 Testing Technique
In order to examine the effect of the various paints on an antenna, the antenna architec-
tures shown in Figure 3.13 were employed. The antenna of Figure 3.13(a) is a rectangular
microstrip patch antenna, while Figure 3.13(b) is a bowtie slot antenna. Patch anten-
nas typically have a narrow impedance bandwidth. They provide unidirectional radiation
across a relatively narrow range of frequencies. In contrast, the bowtie slot antenna has
a wide impedance bandwidth and creates bi-directional radiation. These two kinds of
antennas are each used in conjunction with removable coverings which serve a dual pur-
pose. The coverings (or ‘superstrates’) primarily act as a carrier for the paint, but they
also model the scenario of automotive applications, where a radiating element may be
concealed under a painted dielectric material. Both antennas are planar, and are appro-
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priately dimensioned to allow either the radiating patch or slot to be covered by the paint
sample during testing.
The L1-band GPS frequency of 1.575 GHz was chosen as the target frequency for
the narrowband investigation because of the ubiquitous satellite navigation facilities in
modern vehicles. The required bandwidth of 20 MHz at 1.575 GHz leads to a narrow
percentage bandwidth of 1.3%. In order to test the effect of paint on such a system,
a simple linearly polarized edge-fed square microstrip patch antenna was designed and
fabricated using Ansys HFSS. Rogers RT/duroid R© 5880 material with 0.062” thickness
was chosen for the substrate. Identical material in the same thickness was chosen for the
superstrates, with the antenna being designed so that its resonance would be close to the
GPS L1-band frequency when covered by an unpainted reference sheet of RT/duroid R©
5880.
The antenna was fabricated and tested on a Vector Network Analyzer and was found to
have a centre frequency of 1.583 GHz in the presence of the reference RT/duroid R© 5880
superstrate (Fig 3.13(a)). The slight variation from the centre frequency in the design is
attributable to magnification inaccuracies in the photographic stage of fabrication. For the
wideband investigation, an asymmetrical bow-tie slot antenna based on [61] was designed
and fabricated on FR-4 material (Figure 3.13(b)). It operates from 1.4 GHz to 9.7 GHz,
providing a bandwidth of 150% or approximately 7:1.
A number of superstrates of equal size were cut from a sheet of Rogers RT/duroid R©
5880 material and painted in a specialised facility, each with one of the paints listed in
Figure 3.13: Paint test configuration. (a) Narrowband antenna (b) Wideband antenna
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Table 3.3. Two additional samples were set aside for use as control samples. One was left
unpainted, whilst the other retained its original copper cladding to demonstrate the effect
of a solid conductive sheet in the near field of an antenna, and enable a comparison of the
aluminium flecks of the metallic paints with a continuous conductor.
Double sided adhesive tape was used to hold the superstrates in place during testing.
The tape is approximately 0.2 mm thick, and was located in areas of low surface current.
The tape was present on the antennas during the measurement of sample A (when no
superstrate was present) so any effects of the tape, however slight, were captured in the
measurement data. Superstrates of 0.062” (1.575 mm) thickness result in paint samples
which are reasonably rigid, and remain flat and straight when placed on the antenna.
Extreme care was taken to ensure consistent x-y placement of the superstrates. The input
impedance of both the narrowband and wideband antennas was recorded as each sample
was placed on each antenna in turn. Changes in gain and radiation pattern caused by the
addition of the painted superstrates were evaluated in an anechoic chamber.
It is worth noting that the effect of superstrates on various kinds of planar antennas
has been extensively studied in the past, but never superstrates bearing paint. Superstrate
investigations have been conducted both theoretically [62–64] and practically [65, 66],
and have considered patch antennas [67], cavity backed slot antennas [68], and linearly
tapered slot antennas [69], among others. They report that careful selection of the permit-
tivity and thickness of the superstrate can enhance the gain [63, 68], impact the radiation
efficiency and input impedance [67], and increase the electrical length of a tapered slot
antenna [69].
This study uses superstrates to enable comparison of the various paints under test,
and to provide an approximation of a vehicular antenna mounted behind a painted non-
metallic panel. However, the effect of the dielectric slab itself (which is the superstrate)
can be assessed by comparison of sample A with sample B.
The applied thickness of the paint is very thin relative to the wavelength of operation
of the antennas in the frequency range considered here. This poses a challenge for the
simulation of such scenarios. Computation time would be significantly increased due to
the requirement to increase the mesh density in the plane of the paint to accurately model
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the thin material. This, coupled with the difficulty of accurately determining the electrical
properties of a thin layer of paint is the reason this research was conducted entirely by
experimental means.
3.6.3 Narrowband Antenna Results
Reflection Coefficient
The measured reflection coefficient of the narrowband antenna of Figure 3.13(a) is shown
in Figure 3.14. The black curve shows the performance of the antenna without any su-
perstrate present (representing sample A), and reveals that the antenna is resonant at ap-
proximately 1.613 GHz, yet has a narrow impedance bandwidth (defined as greater than
Figure 3.14: Measured reflection coefficient of the narrowband antenna with various superstrates
on (a) a wide scale, and (b) zoomed to a narrow scale
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10 dB return loss) of 0.8%. A narrow impedance bandwidth is common for patch an-
tennas. Placing sample B, the unpainted superstrate, on the antenna brings about a shift
in resonant frequency due to the addition of the bulk dielectric material above the patch.
The minimum of the reflection coefficient is shifted to 1.583 GHz, a shift of 2%, and the
bandwidth remains unchanged at 0.8%. Painted samples C through to N are compositions
of various paints, with and without primers and topcoats, yet all behave in a similar way,
with centre frequencies ranging from 1.581 GHz through to 1.588 GHz; a fairly narrow
spread of 0.44%. Interestingly, samples M and N (which feature an electrostatic primer)
create a slightly wider bandwidth, of about 0.95%. The effect of samples M and N is
examined further in the discussion section of this paper. The substitution of the copper
clad sample of RT/duroid R© 5880, sample O, produces extremely degraded antenna per-
formance as expected. The majority of the input signal is reflected back into the source
by the presence of the conductive metallic sheet over the patch antenna. In addition to
the effect of the various paints, some of the observed variation in impedance response
between these samples may be due in part to permittivity tolerances in the RT/duroid R©
superstrate itself (from which the samples are constructed), and any air gaps which may
arise between the substrate and superstrate.
Radiation Patterns
Figure 3.15 shows the co-polarized and cross-polarized radiation patterns of the patch
antenna with various superstrates measured at the relevant centre frequency. The gain is
measured by the standard gain substitution method and the plots are normalized to sam-
ple A, the maximum of the antenna without a superstrate. The antenna has hemispherical
coverage, meaning that a roof mounted GPS antenna would receive signals from the sky.
In general, a large degree of similarity is found between the radiation patterns of the nar-
rowband antenna with the various painted superstrates. The radiation pattern is essentially
unchanged. Some variation in shape is evident in the back lobes of the antenna and in the
cross polarized patterns, yet these parts of the radiation contribute little to the received
signal, as they are approximately 20 dB down on the main lobe at broadside, making any
differences of low importance. Unsurprisingly, the antenna’s radiation performance is
72 CHAPTER 3
Figure 3.15: Measured radiation patterns of Antenna A with superstrates. The measurement is
performed at the centre frequency for each sample.
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significantly degraded by the presence of the copper clad superstrate (sample O), which
catastrophically alters the radiation pattern, and reduces the gain of the antenna by almost
20 dB.
A valuable comparison of the performance of each of the superstrates is provided
in examining the maximum gains produced by the narrowband antenna as displayed in
Figure 3.16. The gain is presented here in graphical form with error bars showing the
repeatability of the gain measurements which was determined to be approximately ± 0.2
dB (as explained in Section 3.6.5). The gain of the narrowband antenna without any paint
sample present was found to be 8 dBi. The maximum gain produced with the unpainted
dielectric superstrate present (sample B) is measured to be 7.9 dBi. Application of various
paint types was found to produce a reduction in gain of up to 0.5 dB (samples C to L).
Interestingly samples M and N, bearing a partially conductive electrostatic primer, cause
a reduction in antenna gain of approximately 1.5 dB. This is most notable in the main
lobe of the co-polarized patterns (Figure 3.15(a) and (c)). The shape of the radiation
pattern is maintained, but at a reduced value of magnitude. The persistence of the pattern
suggests minimal change in directivity has taken place. It is possible that the observed
gain reduction is caused by a reduced efficiency due to the additional losses associated
with the electrostatic primer. Once again, extreme disruption to the antenna’s performance
is caused by the copper clad superstrate, as reflected by a large negative value for the gain.
The results indicate that all painted samples produce a reduced value of gain to some
degree as no measurements of painted samples exceed the gain of sample A or sample B,
where no paint is present.
3.6.4 Wideband antenna results
Reflection Coefficient
To determine the input impedance variation created by each paint on a wideband antenna,
the bow-tie antenna of Figure 3.13(b) was connected to the Vector Network Analyser and
the reflection coefficient (Figure 3.17) was measured in the presence of each superstrate.
The addition of dielectric material creates a band shifting effect. This shift is dependent
upon the permittivity and thickness of the dielectric, and hence is slightly different for
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Figure 3.16: Maximum gain of the narrowband antenna with painted superstrates, showing error
bars to indicated measurement tolerance. Note that sample O is not presented here as it is out of
range (-17.5 dBi). Samples M and N provide a significant gain reduction.
each paint sample. The shift appears to be larger at the upper end of the band, yet the
percentage shift is approximately constant. Hence, although the wideband antenna’s fre-
quency response is shifted by the paint, the antenna is likely to remain operational at
frequencies of interest. The copper clad sample O is once again seen to have extreme
consequences on the antenna’s impedance matching. Narrow sections of bandwidth exist
where |S11| is below -10dB, however the wideband response is lost.
Figure 3.17: Measured reflection coefficient of the wideband antenna with each superstrate
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Radiation Patterns
The radiation pattern for the wideband antenna was investigated at numerous points across
its bandwidth. Important communication bands in the automotive environment were cho-
sen where possible. The first is the band reserved for the L1 Band of GPS signals broad-
cast by the orbiting satellites, at 1.575 GHz. The ISM band at 2.4 GHz is next and has
found worldwide application for IEEE 802.15.1 (Bluetooth) and IEEE 802.11b/g/n (Wi-
Fi).
The 5.9 GHz band has been reserved in many parts of the world for Intelligent Trans-
portation Systems applications. This includes Vehicle-to-Vehicle and Vehicle-to-Infrastructure
communication, primarily for the purpose of transmitting and receiving safety messages.
This technology is often referred to as Wireless Access in the Vehicular Environment
(WAVE) or Dedicated Short Range Communication (DSRC), with the relevant IEEE stan-
dard being 802.11p. The wideband antenna is also characterised near the upper end of its
bandwidth, at 9.5 GHz to examine the effect of these paints in the X-band.
The radiation pattern for the wideband antenna at 1.575 GHz is shown in Figure 3.18.
The antenna radiates a broad beamwidth pattern in the x-z plane. Each of the superstrates
can be seen to produce approximately equivalent performance as the unpainted superstrate
(sample B) with the exception of sample O, which as previously noted, has a disruptive
effect on antenna function.
The wideband antenna’s radiation patterns at 2.4 GHz are shown in Figure 3.19. Once
again the copper clad superstrate of sample O is seen to interfere with proper antenna
operation, while the other superstrates are closer in performance. Interestingly, sample A
which denotes the antenna without any superstrate is seen to have slightly lower gain in
the x-z plane, higher gain in the y-z plane, and lower cross-polarization levels.
Radiation patterns for the wideband antenna at 5.9 GHz are shown in Figure 3.20.
At these frequencies the effect of painted superstrates on such an antenna are negligible,
with each sample producing approximately equivalent gain and radiation characteristics.
Figure 3.17 revealed that sample O obtained an impedance match at this frequency, yet the
radiation patterns are substantially different to the remainder of the samples. Of particular
interest is Figure 3.20(c), where the y-z plane co-polarized pattern level is enhanced in the
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endfire directions, even above the level of sample A (to which the figure was normalized).
Simulated field results reveal that at this frequency, a parallel plate waveguide mode is
formed between the copper of the antenna and the copper of the superstrate. This creates
a narrowband impedance match and leads to radiation at the edge of the plates.
The radiation performance of the paint samples of the wideband antenna at 9.5 GHz is
illustrated in Figure 3.21. Inspection of the plots reveals ripples in the radiation associated
with operating an electrically large structure at these higher frequencies. Once again,
samples A and O are shown to provide varied performance from the painted superstrates.
The departure of sample O from the norm is reduced compared to 1.575 GHz, 2.4 GHz
and 5.9 GHz.
3.6.5 Discussion of Paint Effects
The addition of paint creates an observable shift in the resonant frequency of both the nar-
rowband and wideband antennas. Both polyurethane and water based paints are dielectric
materials; hence their addition to the structure alters the effective relative permittivity, and
therefore the electrical size of the antenna itself. This creates a shift in frequency, yet due
to the thin layer of paint commonly applied, the shift induced by the paint is only small,
being less than 1%. A shift of this magnitude is negligible in many wideband systems, but
may have adverse consequences for narrowband antennas. In such narrowband antennas
where the overall bandwidth of the antenna itself may be only a few percent, a shift of
up to 1% of the antenna’s impedance bandwidth may disrupt operation of the service in
the desired frequency range. The impedance bandwidth of the wideband antenna of Fig-
ure 3.13(b) was also altered by the addition of the various types of paint, yet its wideband
nature means that possible loss of the desired wireless service by shifting out of band is
somewhat less pronounced. This leads us to conclude that if an unknown paint is to be
used to paint a radiating aperture, it is wise to use an antenna with greater bandwidth than
what is required.
With respect to gain and radiation pattern, a great deal of care was taken to ensure
the measurements obtained were as accurate as possible. Steps were taken to ensure
the temperature of the anechoic chamber remained reasonably consistent throughout the
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Figure 3.18: Measured radiation patterns of the wideband antenna with each superstrate — 1.575
GHz.
78 CHAPTER 3
Figure 3.19: Measured radiation patterns of the wideband antenna with each superstrate — 2.4
GHz.
CHAPTER 3 79
Figure 3.20: Measured radiation patterns of the wideband antenna with each superstrate — 5.9
GHz.
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Figure 3.21: Measured radiation patterns of the wideband antenna with each superstrate — 9.5
GHz.
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measurement period. The paint samples were tested in succession, and a sweep of an
ETS-LindgrenTM 3115 reference horn antenna was performed and recorded in between
each measurement of a paint sample. This enabled an assessment of the fidelity of the
measurements to be made at a later stage. Examination of the data produced by the horn
antenna over the measurement period revealed that the measured value varied by not more
than± 0.2 dB when the frequency was below 3 GHz, and not more than± 0.4 dB at higher
frequencies throughout the period of testing. Hence, although the absolute value of the
gain may be less certain, the data obtained reveals that relative measurements between
different paint samples are repeatable within certain limits.
Examination of the results reveals that the presence of the paints, whether metallic
or non-metallic has only a very small impact on the narrowband antenna gain. It is dif-
ficult to be certain of the exact change in gain given the established tolerance of ± 0.2
dB, but it can be seen to be less than approximately 0.5 dB where no electrostatic primer
is used. The two-pack polyurethane paints and water based paints appear to have similar
electromagnetic performance with little significant difference in the antennas’ impedance,
radiation or gain performance. Likewise, the presence of a standard primer or clear top-
coat has little measurable effect.
Those paints which are classified as metallic achieve this effect by the inclusion of
small aluminium ‘flakes’ as investigated in Section 3.6.1 of this paper. The results demon-
strate that despite small variations in gain for each sample, there is no reason to believe
that those paints with metallic inclusions alter the performance of the antenna in any sig-
nificant way.
It is therefore seen that the metallic paints behave as dielectrics despite the included
metallic particles. The metallic particles are flakes of aluminium, and hence electrically
conductive, however, they are precluded from creating a bulk conductive material by the
material that surrounds them. The electrons are free to move within each individual flake,
but these flakes are small (of the order of 50 µm) and isolated from each other by the
dielectric paint binder. The end result is that there are no truly free electrons in the metallic
paints, and the material behaves like a dielectric in the microwave region. Given the small
size of the particles, a very high frequency in the Terahertz region would be required to
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obtain wavelengths comparable to the particles’ dimension and elicit a different response
from the material to an applied electromagnetic wave.
Various metallic paint samples were investigated in the water based chemistry, as it
is the dominant OEM automotive paint type. Only one metallic and non-metallic sample
was tested from the polyurethane chemistry. The metallic polyurethane paint (sample D)
was the thickest paint in the test, by a factor as high as six, yet it was found to have a
smaller value of gain reduction than many of the other metallic paints which had been
applied in thinner layers. It is possible that this result may indicate a difference between
the two chemistries, but given the limited number of polyurethane samples investigated it
is difficult to draw such a conclusion.
Paint samples M and N which bear an electrostatic primer provide a measurable
change in the performance of the narrowband antenna. Examination of the plot of |S11|
shows a slightly wider bandwidth when samples M and N are present. The electrostatic
primer present on these samples is intended to provide a level of DC conductivity to enable
electrostatic painting. At these microwave frequencies however, the electrostatic primer
behaves like a lossy dielectric rather than a conductor. This leads to a reduction in the
antenna’s quality factor, and a consequent widening of the antenna’s bandwidth. The ra-
diation pattern of the narrowband antenna and corresponding gain plot reveal that samples
M and N provide a similar radiation pattern in terms of shape, but at a reduced value of
gain. Measured gains are approximately 1.5 dB lower than non-electrostatic samples. The
persistence of the radiation pattern suggests that the directivity of the radiating structure
may be unchanged. Recalling that antenna gain is the product of efficiency and directivity,
it may be that the lower gain value is due to a reduced efficiency. This could be as a result
of the additional lossy layer of electrostatic primer. Antenna efficiency measurements are
very difficult to perform accurately, and no attempt to measure the efficiency directly has
been made in this work. However, it would seem that the effect of the addition of the
partially conductive electrostatic primer is a widening of the impedance bandwidth and
reduction in the gain of the narrowband antenna. The effects of the electrostatic primer are
less prominent on the wideband antenna, with no significant gain reduction being visible
in the presence of samples M and N.
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None of the paint samples provided truly disruptive shielding, as seen when the copper
clad superstrate of sample O is applied to the antennas. The highly conductive layer of
copper on the surface of this superstrate had extreme effects on the impedance bandwidth,
gain and radiation of both antennas. Under the copper clad superstrate of sample O, the
narrowband antenna’s impedance never matches to the 50 Ω line, as shown by the curve
of |S11| (Figure 3.14) remaining above the 10 dB line. This results in very poor radiation
performance, with the co-polarized patterns returning highly negative values of gain.
Interestingly, on the wideband antenna the copper clad superstrate does achieve a
matched impedance at several frequencies at the upper end of the band. Examination of
the simulated fields at these frequencies reveal that this is likely a consequence of the
energy guided down the CPW coupling into an alternative mode other than the usual
radiation mode. This appears to be a parallel plate transmission line mode in between
the metallic ground plane of the antenna and the copper cladding above, with the wave
therefore propagating inside the Rogers RT/duroid R© 5880 material of the superstrate and
radiating from the superstrate edges.
For many applications it may be useful to simulate paints in electromagnetic software
packages. The paint layer is very thin relative to the wavelength of interest which poses a
challenge for the simulation of such scenarios due to the requirement to increase the mesh
density in the plane of the paint to accurately model the thin material. A few investigative
simulations were performed using the CST Microwave Studio R© Transient solver and the
results indicated findings similar to those reported here, but required manual addition
of local mesh which resulted in 30% more mesh cells than with no paint layer present.
Note that for those paints which contain metallic flakes, it is not necessary to model the
individual conductive particles since the material behaves like a bulk dielectric.
3.6.6 Summary of paint effects
The addition of superstrates painted with automotive-specific paints causes a shift in the
frequency characteristics of both narrowband and wideband antennas. This is due to
the change in the effective relative permittivity of the space surrounding the antenna.
Hence the magnitude of the shift is a function of the dielectric constant of the paint and
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the thickness with which it is applied. The consequences of frequency shifting may be
significant for narrowband antennas where a small shift could lead to loss of the desired
communications service. If an unknown paint is to be applied to an antenna it would be
advisable to employ an antenna with greater than required bandwidth.
The automotive metallic paints examined appear to behave as dielectrics despite densely
packed metallic inclusions. The size of each flake is small relative to the wavelength of
interest, and the paint binder prevents electron flow between adjacent flakes under an
applied electromagnetic field. The presence of metallic and non-metallic paint on the an-
tenna superstrate leads to a very slight gain reduction on the narrowband antenna; less
than or equal to 0.5 dB.
Electrostatic primers are used globally in automotive production lines, yet to the au-
thor’s knowledge no previous work in the literature has considered their effect on anten-
nas. This work found that they may cause a reduction in the gain of an antenna due to the
partially conductive nature of this primer. The test showed a gain reduction of approxi-
mately 1.5 dB when applied to the narrowband patch antenna.
Chapter 4
Wideband Multiservice Vehicular
Antennas
4.1 Introduction
Great advances have been made in wideband antennas particularly in the early part of the
21st century. This advancement is due largely to the interest in the FCC Ultra-Wideband
(UWB) scheme, announced in 2002 [70]. This scheme licences the transmission of wide
bandwidth short-duration pulses and has the potential to provide short range communi-
cation for personal area network applications at much higher data rates than is presently
provided for, with the narrowband frequency hopping spread sprectrum techniques used
in the Bluetooth R© standard. UWB signals occupy a large portion of bandwidth from 3.1
GHz to 10.6 GHz and this has re-ignited much interest in wideband antennas. A survey
of the automotive antenna literature and publicly available information on commercial
vehicular antennas in production revealed that few people had considered the application
of ultra-wideband antenna technology to the vehicular antenna domain.
Many present day automobiles provide dedicated antennas for each of the radio or
wireless services used in vehicles. This is necessary since each antenna element tends
to be only narrowband, capable of receiving signals across a fairly narrow frequency
range. The antennas may be placed in different locations across the vehicle body, or
may be housed together under a ‘shark-fin’ style radome. This relatively recent approach
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provides an attractive exterior component, but can lead to excessive mutual coupling be-
tween neighbouring antenna elements, distortion of radiation patterns, and high cabling
costs due to the duplication of coaxial transmission lines. External antennas of this na-
ture are also prone to damage, whether accidental or intentional, and add to a vehicle’s
aerodynamic drag and wind noise.
An alternative approach to vehicular antenna requirements would ideally decrease the
component weight, reduce vehicle manufacturing costs, and provide an elegant solution
to the challenge of fitting antennas for the increasing number of wireless services. Rather
than affix a specific antenna to vehicles for each narrowband service, a colour-matched
radiating aperture could be created, containing a single antenna of wide impedance band-
width, capable of providing all the necessary wireless capabilities of the vehicle.
4.1.1 Why a wideband antenna?
The concept of a wideband vehicular antenna presents an interesting research topic for
antenna designers.
In modern wireless communication system design, antennas with wide impedance
bandwidth are desirable for numerous reasons. An antenna with a wide impedance band-
width may be used for transmission and reception of multiple narrowband services in a
multi-purpose platform. Alternatively a single wideband service may be of interest for
various radar and imaging applications, or for impulse-based radio communications in
the FCC Ultra-wideband (UWB) regime from 3.1 GHz to 10.6 GHz.
It is for the first reason mentioned here, that of functioning across multiple narrow-
band services, that this work decided to pursue wideband antennas. Investigations into
such a technology would provide an opportunity to break with the automotive antenna
trends, and consider the application of UWB and wideband antennas in combination with
polymeric composite structures. This combination would:
• provide the opportunity to investigate new types of antennas in a new configuration
and application
• enable a multi-pronged approach to reduce vehicle manufacturing costs
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• provide sustainability benefits, by using conformal techniques to reducing aerody-
namic drag and therefore fuel consumption
• decrease the likelihood of accidental or intentional damage to the car’s antenna
• leverage the ample bandwidth of a wideband antenna to create a system more robust
to changes to the permittivity of the near-field environment
• reduce the vehicle assembly time
• simplify antenna connection and cabling requirements
An antenna integrated under or embedded into a composite polymeric panel would
indeed be attractive for many reasons.
In a world where wireless services are rapidly growing (both in number and in pop-
ularity) innovative approaches to the integration of antennas are required. Throughout
the early days of mobile phones the standard configuration was a large external antenna.
Yet today mobile phones feature antennas that are almost always integrated internally to
the device itself. In the same way, vehicles of the future may one day feature integrated
antennas exclusively with no need for protruding radiating devices.
The proposed wideband antenna together with polymeric panels would provide sev-
eral opportunities to reduce costs. Firstly, the costs could be lowered by substituting
multiple narrowband antennas for a single wideband antenna, thus reducing the number
of individual antennas fitted to vehicles. After sufficient research investment, it may be
found that a single wideband antenna can meet many of the wireless communication needs
of a vehicle. Secondly, a wideband planar antenna would be well suited to low-cost mass
production using industry standard printed circuit techniques. The present use of ‘shark-
fin’ antennas requires complex 3D fabrication and the assembly of multiple components.
As many as four individual antennas may be located inside the ‘shark-fin’ housing, which
itself is typically composed of at least two parts. Rubber seals are required to make the
whole assembly watertight. This results in a much more expensive device than a printed
planar antenna. The use of planar antenna technology may also allow for selection of low
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cost substrates such as FR-4 where performance is acceptable. Finally, a wideband an-
tenna would reduce vehicle production costs by reducing duplication of RF coaxial cable
runs. In present vehicles where multiple narrowband antennas are located side by side or
in the one unit, each antenna typically connects to its associated receiver by dedicated RF
coaxial cables. Use of a wideband antenna would eliminate the duplication of cabling and
result in reduced vehicle weight and lower cost.
Selection of a wideband planar antenna solution where the radiating structure is con-
cealed behind a polymeric body panel solves two problems common to all protruding
antennas. Because a traditional mast, bee-sting, or shark-fin antenna protrudes from the
vehicle body, aerodynamic drag and audible noise are created. These effects are both due
to turbulence in the flow of air over the vehicle body. If the antenna is instead concealed
behind a plastic roof, hood or trunk panel it will not add to the drag or flow noise, and will
reduce fuel consumption due to the reduction in aerodynamic drag. A concealed antenna
is immune from being snapped or tampered with either intentionally or unintentionally.
Since it would not protrude from the vehicle body it would not be damaged by driving
the vehicle underneath low clearance objects or in automated car wash machines. If the
antenna is covered by a colour matched painted panel then it would also be undetectable
to the casual observer and could not be intentionally damaged or stolen.
Under certain circumstances a wideband antenna may also provide some practical
benefits to automotive design engineers. An antenna with excess bandwidth would pro-
vide ample well matched bandwidth on either side of a given communication band of
interest. It would therefore be less likely to be shifted out of band by changes in the
near-field environment. For example, changes to the effective permittivity of the space
surrounding the antenna may be caused by variations in the thickness of the SMC panel,
the presence of air gaps between the antenna and the panel, changes to paint chemistry
or applied thickness, and changes in the location of the antenna on the panel. The paint
investigation of Section 3.6 of this thesis investigates the frequency shifting effect on an
antenna when different paints of a variety of thicknesses are applied to an antenna su-
perstrate. Whilst the frequency shifting effect acts on both narrowband and wideband
antennas to equal degrees, a wideband antenna is less likely to be shifted out of band.
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Hence, by choosing a wideband antenna, the sensitivity of the system to changes in the
paint thickness or the permittivity of the polymeric composites can be reduced.
Some aspects of the electromagnetic radiation produced by wideband antennas will
require careful control in the automotive application. Whilst the wide impedance band-
width provides multiple benefits including multi-service operation and robustness against
manufacturing tolerances, care must be taken with other radiation properties which im-
pact on system performance. This includes the radiation pattern, the gain and beamwidth,
which may change substantially in undesirable ways in wideband antenna designs.
Further benefits for automotive design engineers and manufacturers may be found as
a result of implementing this technology. By using a single wideband antenna that is
embedded within or pre-attached to a panel, the production time for each vehicle in the
factory may be reduced. This is viewed favourably by car makers. Designing for single-
sided antenna feed access such as a coplanar waveguide (CPW) to feed the antenna,
or a probe-fed microstrip arrangement would keep access and connection requirements
simple.
The automotive industry thrives on high volume, low cost parts. Although FR-4 has a
higher loss tangent than more expensive substrate materials its use in automotive applica-
tions ought to be considered. Most of the automotive services of interest are concentrated
at relatively low microwave frequencies in the vicinity of 1 GHz to 2 GHz. It may be
found that signal attenuation can be mitigated by designing short transmission lines, by
using mixed substrates, or that the losses are within acceptable bounds.
4.1.2 Wideband antenna selection
Many wideband antennas have been proposed in the scientific literature. The first wide-
band antenna designs, such as discone antennas and biconical antennas [71, 72], were
based on 3D shapes.
In searching for a planar antenna to integrate with polymeric panels in a vehicular
application, there are a significant number of possible configurations. Tapered slot an-
tennas [73], and vivaldi antennas [74] have a wide bandwidth and high gain in a single
end-fire direction, as do the planar adaptations of log periodic geometries [75]. Spiral
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antennas [76] and sinuous antennas [77] create wide beamwidth patterns over a wide fre-
quency range in a broadside direction. Various microstrip geometries, such as stacked
patch antennas [78] also create broadside radiation with relatively wide bandwidths.
The recently presented PICA antenna geometry [79] was selected as an ideal candidate
for further investigation due to its very wide bandwidth and varied radiation patterns.
As the exact application and location of the embedded wideband automotive antenna
is yet to be finalised, the planar antennas discussed here will be analysed and compared
in free space rather than embedded or affixed to panels.
4.2 The Planar Inverted Cone Antenna
4.2.1 The first PICA
In 2004, Suh et al published an antenna with very wideband impedance bandwidth [79].
The authors termed the antenna the Planar Inverted Cone Antenna (PICA). This antenna
consisted of a flat sheet of metal mounted vertically above a ground plane (Figure 4.1(a))
similar to a traditional circular disc antenna. In contrast to an ordinary disc, the innova-
tion of the PICA design was the use of a half disc for the lower part of the antenna, in
combination with a triangular upper portion. Effectively, the upper portion of the circle
had been trimmed on either side (Figure 4.1(a)).
The resulting PICA antenna produced a very wideband impedance match in excess
of 10:1, with radiation that approximated that of a monopole antenna over some of that
band.
The authors also investigated the effect of slight adjustments to the edges of the
PICA by fabricating teardrop-shaped antennas (Figure 4.1(b)), and found the addition
of circular-hole cut-outs in the lower part of the antenna improved the radiation pattern
without degrading impedance bandwidth [79].
The publication of this communication on the PICA antenna generated interest amongst
those searching for ultra wideband (UWB) antennas. This is evidenced by observing that
the paper has received close to 200 citations within several years, at the conclusion of
2011. However, its 3D design, with the PICA element protruding from a ground plane,
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does not well suit integration into modern portable communications devices.
Figure 4.1: Geometry of original PICA antenna proposed by Suh et al. (a) basic PICA geometry
(b) hardware test model of the PICA teardrop variation used in measurements
4.2.2 PICA slot
In an attempt to overcome the integration issues of Suh et al’s antenna, Cheng et al used
the PICA geometry and created a planar PICA slot antenna [80].
The resulting antenna (Figure 4.2) preserved the wideband nature of the PICA and
was able to be fabricated on a PCB. It provides good radiation performance and high
efficiency over a very wide band.
However, the design requires double-sided fabrication of a PCB, and, when used in
conjunction with coaxial cable and connectors such as SMA connectors, access is required
to the edge of the substrate. This feature does not well suit integration into a polymeric
composite panel.
4.2.3 Uniplanar CPW-fed PICA slot
As a consequence of the promising performance of the PICA slot antenna, and yet its in-
tegration drawbacks for vehicular applications, it was decided to create a coplanar waveg-
uide (CPW) fed variant of the PICA slot design. This design modification required the
whole antenna to be fabricated on only one side of a substrate (hence uniplanar - being
confined to a single plane), rather than the double-sided configuration implemented by
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Cheng et al which has metallized features on two parallel planes, with one above and one
below the substrate.
Antenna configuration
The Uniplanar CPW-fed PICA slot antenna is a wideband slot monopole based on the
PICA shape proposed by Suh et al [79]. The PICA shape is a composition of a semicircle
and an isosceles triangle, with the semicircle forming the lower portion of the antenna,
and the triangle forming the upper part.
In this slot adaptation of the PICA antenna, two PICA shapes may be found. Firstly,
the ground plane has the copper removed in the shape of a large PICA to form a slot. This
slot is then excited by a smaller PICA shape which extends part way into the slot.
The geometry of the antenna is shown in Figure 4.3. The dimensions presented in
Figure 4.3 are optimised for a 0.8 mm thick FR-4 substrate with a relative permittivity r
= 4.0 and a loss tangent tan δ = 0.013. The antenna is simulated using CST Microwave
Studio R© utilizing the transient solver.
The antenna utilizes a cheap FR-4 substrate and requires only single-sided fabrication,
yet maintains wideband performance.
Figure 4.2: Geometry of slot PICA antenna proposed by Cheng et al. Parameters: L = 60 mm, W
= 60 mm, R = 22mm, Rf = 12mm, D = 10mm, G = 0:1 mm, W = 1:22 mm (50 Ω characteristic
impedance), h = 0:5 mm
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Simulated and Measured Performance
The simulated and measured impedance performance of the CPW-fed PICA slot antenna
is presented in Figure 4.4. According to the simulation, the antenna presents a good
impedance match to a 50 Ω line from 1.2 GHz up to 15 GHz. The measured impedance
response of the fabricated antenna shows a slight impedance mismatch around 13 GHz
to 15 GHz, but still obtains an impedance bandwidth of over 10:1 from 1.2GHz to 13.3
GHz.
The simulated maximum gain of the CPW fed PICA slot antenna varies from 3.5 dBi
to 8.7 dBi with an average of approximately 7 dBi as shown in Figure 4.5. Note that this
gain is in the direction of maximum radiation, which varies depending on the frequency.
The simulated and measured radiation patterns at some common communication bands
are depicted in Figure 4.6. These patterns display an omnidirectional like shape at low
frequency (Figure 4.6(a) and (b)), which becomes more directional at higher frequencies
Figure 4.3: Geometry of the proposed CPW fed PICA slot antenna
Parameters: L = 120mm, W = 120mm, CPWlength = 20mm, CPWcentre = 2.44mm, CPWgap =
2.84mm, Douter = 44mm, Dinner = 24mm, Ins = 0.4mm, h = 0.8mm
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(Figure 4.6(c)). Bi-directionality is evident in the y-z plane of Figure 4.6(c), as two dis-
tinct beams encroach upon endfire. There is significant correlation between measured and
simulated patterns. High levels of cross polarization are evident at ±45◦ directions in the
x-z plane, particularly at higher frequencies. This is typical of PICA slot antennas [80].
The antenna as presented comfortably provides the necessary bandwidth for UWB of
3.1 to 10.6 GHz. If such an application were desired, substrate space could be conserved
by scaling the antenna. Preliminary simulations show that a scaling factor of 0.375 ap-
plied to the PICA slot would produce substrate dimensions of 45mm by 45mm, providing
impedance matching from 2.5 GHz to 28 GHz.
A search of the literature reveals that a similarly structured CPW fed PICA slot an-
tenna has been attempted previously [81], albeit with several short comings. The paper
presents two adaptations of the PICA antenna, the second being closest to the geome-
try presented here. Despite the similarities, the antenna design in [81] uses a grounded
coplanar waveguide, necessitating double-sided fabrication techniques, and has a teardrop
shaped slot. Although the substrate dimensions and material used are almost identical, the
antenna in [81] has a narrower bandwidth: the impedance bandwidth starts at around 3
GHz, and the reflection coefficient results reveal a further mismatch near 5 GHz. In con-
trast to this design, the uniplanar CPW-fed PICA slot antenna provides over an octave of
Figure 4.4: Measured and simulated reflection coefficient of the CPW fed PICA slot antenna
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Figure 4.5: Simulated maximum gain vs frequency for the CPW fed PICA slot antenna
additional bandwidth, with a well matched response down to approximately 1.2 GHz.
Therefore, a CPW-fed slot antenna has been presented which is based on the Pla-
nar Inverted Cone Antenna. The PICA’s wide impedance bandwidth behaviour has been
preserved, demonstrating an impedance bandwidth in excess of 10:1. Omnidirectional
radiation is exhibited at the lower end of the impedance bandwith. Notably, the CPW fed
PICA slot antenna presented here is truly uniplanar requiring only single sided substrate
processing. Uniplanar antennas can be extremely advantageous in certain applications.
This antenna underwent trial integration into an SMC vehicular body panel. Findings
are presented in Section 5.1.
4.2.4 Enlarged Uniplanar CPW-fed PICA
Having created a wideband antenna suitable for automotive use (that is, configured to
provide easy integration with polymeric composite body panels, and providing ample
impedance bandwidth to cover many services simulateously), it was necessary to target
the design to those frequencies of interest in the automotive environment (Table 1.1).
It is well known that scaling an antenna’s dimensions can produce similar performance
at a shifted frequency band. With this aim in mind, it is found that an optimal configu-
ration is achieved if the antennas dimensions are increased to occupy a substrate of 200
mm by 200 mm. This represents a scaling factor of 5/3 (or about 1.67), and results in the
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Figure 4.6: Far field radiation patterns of the CPW fed PICA slot antenna
(a) 1.575 GHz (b) 2.4GHz (c) 5.9 GHz (d) 9.5 GHz
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geometry shown in Figure 4.7.
The scaled antenna has an impedance match down to 730 MHz (Figure 4.8). This
provides a wide range of usable frequencies and covers many of the desired bands in the
automotive realm, as listed in Table 4.1.
Table 4.1: Automotive Signals Compatible with Large PICA Antenna
Service Name Frequency Terrestrial Satellite
Cellular Phone (and mobile internet over HSPA) 850 MHz Yes
Cellular Phone 900 MHz Yes
Global Positioning System (GPS) 1.575 GHz Yes
Cellular Phone (and mobile internet over HSPA) 1.7-2.1 GHz Yes
Satellite Digital Audio Radio Service (SDARS) 2.3 GHz Yes* Yes
802.11 b/g/n Wi-Fi 2.4 GHz Yes
Bluetooth 2.4 GHz Yes
WiMAX 2.3,2.5,3.5 GHz Yes
DSRC, V2V, VII, 802.11p 5.9 GHz Yes
*Terrestrial transmitters are located in some downtown areas.
It would be possible to scale the antenna up to much larger sizes to accommodate
frequencies lower than 730 MHz, however consideration must be given to the desired
radiation patterns at the frequencies of interest, along with practical concerns regarding
the ease of fabrication, handling and integration.
The designer must also evaluate the importance of those services not facilitated by the
Enlarged PICA antenna, and whether or not existing antennas may suffice for these roles.
For example, AM/FM services extend from approximately 1 MHz to 100 MHz. Using
the present PICA design, a separate AM/FM antenna would be required. However, this
may be readily provided by an on-glass antenna in the rear windscreen. These antennas
are already well developed and commercially available.
The scaled UWB antenna of Figure 4.7 is a good starting point for a wideband vehic-
ular antenna. It clearly has ample provision in its impedance response for many of the
vehicular frequency bands in use today, plus an excess for any applications that may arise
in the future in the region up to and beyond 10 GHz.
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Figure 4.7: Geometry of the baseline enlarged uniplanar CPW fed PICA
Parameters: L = 200mm, W = 200mm, CPWlength = 33.3mm, CPWcentre = 2.84mm, CPWgap =
3.24mm, Douter = 73.3mm, Dinner = 40mm, Ins = 0.67mm, h = 0.8mm. GPR does not feature in
the original design, but is drawn here for clarity. Its effect is investigated in Section 4.2.6.
Figure 4.8: Simulated reflection coefficient of the PICA, LFE and HFE antennas
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4.2.5 Radiation Mechanism
Simulated radiation patterns of the enlarged PICA vehicular antenna are shown in Fig-
ure 4.9. Five key frequency bands of interest have been chosen to characterize the an-
tenna performance. The selected frequencies are spread across the antenna’s bandwidth,
and where possible, align with those services used in the vehicular environment (Table
4.1). Taking into account the frequency shifting effect of the scaling of the antenna,
these results reveal a similarity with those presented for the smaller original design of
Section 4.2.3.
Examination of the figures reveals that the radiation behaviour of the PICA changes
significantly throughout the operable frequencies. At low frequencies (Figure 4.9(a) and
(b)), the antenna produces double-sided radiation that is typical of a slot antenna [82,83].
At high frequencies (Figure 4.9(d) and (e)), the radiation appears to be more like that pro-
duced by a pair of tapered slots [84]. In the middle of these two bands, the antenna seems
to be in a mixed mode of radiation (Figure 4.9(c)). It appears that the dimensions of the
PICA, and the precise tuning of its parameters, lead to two different modes of operation
which may be combined together to produce a single wideband impedance response with
alternate radiation patterns. In order to investigate this mechanism, antennas geometries
called the Low Frequency Equivalent and High Frequency Equivalent were investigated.
Low Frequency Equivalent
At low frequencies, the PICA creates bi-directional radiation, with two diametrically op-
posed beams at broadside to the antenna substrate and a minimum in the direction of the
y-axis. In order to explain the low frequency behaviour of the PICA antenna, the Low
Frequency Equivalent (LFE) antenna was created, as depicted in Figure 4.10(a). It is a
reconfiguration of the PICA antenna, created by using the existing PICA shaped slot in
the ground plane. However, the inner PICA shaped conductor is replaced with a straight
CPW stub line which excites the slot. The change in geometry results in an LFE an-
tenna similar in design to [83], but without the second feed and power divider used to
obtain circular polarization. Simulations using CST Microwave Studio R© show that the
LFE antenna yields the expected low frequency operation. Figure 4.8 shows the simu-
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Figure 4.9: Simulated 3D radiation patterns of the enlarged uniplanar CPW fed PICA.
(a) 850 MHz, Max gain is 3.9 dBi (b) 1.575 GHz, Max gain is 5.7 dBi (c) 2.4 GHz, Max gain is
8.1 dBi (d) 5.9 GHz, Max gain is 9.6 dBi (e) 9.5 GHz, Max gain is 11 dBi
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lated reflection coefficient of both the PICA and the LFE. The antenna begins to match
at the same frequency as the PICA, being approximately 730 MHz. The Low Frequency
Equivalent however, displays only a 16% impedance bandwidth up to 860 MHz. The high
frequency performance has been lost. Radiation performance of the LFE is examined at
850 MHz (Figure 4.11(a)), and is found to be similar to the PICA’s radiation at 850 MHz
(Figure 4.9(a)). Hence, the LFE antenna has similar radiation performance to the PICA
at low frequencies, but is narrowband. The frequency of operation in this configuration is
a function of the slot dimensions and the stub length.
High Frequency Equivalent
At higher frequencies the radiation pattern of the uniplanar CPW fed PICA is substantially
different to the low frequencies. Observation of the radiation patterns suggests that the
PICA appears to behave in a manner which is similar to a pair of exponentially tapered
slot antennas fed from the single coplanar waveguide feed. The main beams are no longer
at broadside, but are encroaching upon end fire.
In order to verify the operation of the PICA at high frequencies, a second general-
ization of the PICA antenna was created, shown in Figure 4.10(b). The High Frequency
Equivalent (HFE) antenna is similar to the PICA except that the metallic conductors have
Figure 4.10: Equivalent geometries for (a) Low Frequency Equivalent (LFE), and (b) High Fre-
quency Equivalent (HFE)
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Figure 4.11: Simulated 3D radiation patterns of the equivalent antennas (a) LFE, Max gain is 4.7
dBi (b) HFE, Max gain is 9.2 dBi
been removed from the upper portion of the PICA substrate, leaving two open ended ta-
pered slots fed by a CPW. This modification results in an HFE antenna with the wide
bandwidth typical of tapered slot antennas, yet has lost the extreme low frequency perfor-
mance of the PICA (Figure 4.8). Simulated 3D radiation patterns reveal that at 9.5 GHz,
the radiation of the HFE (Figure 4.11(b)) is similar to the PICA at the upper end of its
band (Figure 4.9(d) and (e)). It is worth noting that several known antenna designs exist
which utilize a CPW to feed two tapered slot antennas in a manner similar to the High
Frequency Equivalent [84, 85].
Understanding PICA Operation
Analysis of the behaviour of the uniplanar CPW fed PICA slot antenna and comparison
to Low Frequency and High Frequency equivalent antennas enables the behaviour of the
PICA to be explained. It seems reasonable to infer that the PICA’s extremely wide band-
width is a result of a combination of two primary modes of operation. At low frequencies,
when the wavelength is long, the precise shape of the feed is of little importance. Both the
PICA and the LFE antenna radiate like a traditional open slot antenna. At high frequen-
cies, the upper portion of the PICA is of lesser importance (although it does have some
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effect, particularly on radiation behaviour). Instead the gradual taper between the inner
PICA and outer PICA shapes is key for supporting the radiation which originates in what
is effectively a tapered slot.
4.2.6 Parametric investigation of factors affecting antenna perfor-
mance
This section provides an investigation into the parameters of the PICA, examining how
radiation performance may be controlled through parameter selection.
CST Microwave Studio R© is used to simulate a variety of antenna configurations, with
an aim of tailoring the design to create an optimum configuration for the wideband auto-
motive situation. Figure 4.12 shows the various geometries investigated. Four essential
parameters are investigated — the insertion depth (Figure 4.12(a)), the size of the in-
ner PICA shape (Figure 4.12(b)), the aspect ratio (Figure 4.12(c)), and the thickness of
the upper portion of the ground plane (Figure 4.12(d)) shown by the parameter GPR in
Figure 4.7.
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A. Insertion Depth
The parameter ‘Ins’ labeled in Figure 4.7 symbolises the insertion depth of the smaller
inner PICA into the outer PICA. It represents a degree of freedom in the uniplanar CPW
fed PICA slot antenna design. The range of values investigated here is quite small, varying
from 0.167 mm to 1.167 mm, with resulting geometry shown in Figure 4.12(a). Although
this range of values represents a total range of only 1 mm from smallest to largest, it
produces significant effects on the impedance response of the antenna (Figure 4.13(a)),
revealing that this is a highly sensitive parameter. As the value of ‘Ins’ approaches zero,
the geometry leads to a near overlap at the stem of the two PICA shapes. To continue this
action to the extreme would result in a shorting of the centre of the CPW transmission line
to ground, thus interfering with proper operation. A large value of ‘Ins’ is also disruptive
to proper operation, particularly the impedance matching, creating a step change in the
impedance at the end of the transmission line. Values in the range 0.333 mm to 0.667 mm
provide a wideband impedance match.
Figure 4.13(b) plots the value of gain produced by the antenna in the maximum direc-
tion of radiation as the geometry is varied. The parameter ‘Ins’ can be seen to have very
little effect on antenna gain. Examining the curves of Figure 4.13(b) reveals that of the
five frequencies of interest, the gain at only one of these frequencies is affected by varying
this parameter, and that only moderately, since the effect on the gain is small, being less
than 1 dB.
Polar plots of the radiation patterns corresponding to variation of this parameter are
shown in Figure 4.14 and Figure 4.15. Once again, the results reveal that variation of the
parameter ‘Ins’ creates only minimal changes in gain.
B. Relative Size of the Two PICA Shapes
A second degree of freedom in tuning the design of the uniplanar CPW fed PICA slot
antenna is the relative sizes of the two PICA shapes. Rather than varying both of the
PICA shapes together, the larger PICA defined by Douter was left unchanged, and Dinner
was swept through a range from 25 mm to 55 mm. A sweep of Dinner through this range
produces significant change in antenna geometry, as shown in Figure 4.12(b).
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In contrast to the value of Ins, it can be seen that the majority of the configurations
of different sizes achieve a wideband impedance match (Figure 4.16). In fact, all values
investigated achieve a good match between 2 GHz and 11 GHz. Decreasing Dinner leads
to a progressive creep in the low frequency cutoff (using a -10 dB reflection coefficient),
shifting from approximately 520 MHz when Dinner is 55 mm to about 980 MHz when
Dinner is 25 mm. Requirements for wireless operation at the low frequencies, notably
the inclusion of the important 850 MHz UMTS band, may determine which values are
acceptable here. In addition, using a value for Dinner of 55 mm presents some mismatches
at the extreme low end of the band, from 0.9 GHz to 1.2 GHz, and from 1.5 GHz to 1.8
GHz. Nonetheless, a suitable impedance match is obtained from 2 GHz to 11 GHz for
most values of Dinner.
Examination of Figure 4.16(b) reveals significant potential to tailor the gain of the
antenna using the relative sizes of the PICA shapes, particularly at 9.5 GHz, a variation
Figure 4.13: (a) Reflection coefficient and (b) Max gain for Ins variation
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Figure 4.14: H-plane co-polarized radiation patterns for selected values of the parameter Ins. (a)
850 MHz, (b) 1.575 GHz, (c) 2.4 GHz, (d) 5.9 GHz, (e) 9.5 GHz
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Figure 4.15: E-plane co-polarized radiation patterns for selected values of the parameter Ins. (a)
850 MHz, (b) 1.575 GHz, (c) 2.4 GHz, (d) 5.9 GHz, (e) 9.5 GHz
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in gain from 5 dBi to 9.8 dBi is seen. The reflection coefficient of Figure 4.16(a) shows
that at 9.5 GHz, all values of Dinner satisfy the -10 dB |S11| impedance requirement. It is
reasonable to conclude therefore, that the increase in gain is due to increased directivity
of the antenna at 9.5 GHz. This supports the theory of the modes of operation of the
PICA, where increasing Dinner results in a lengthening of the tapered slots, and hence a
progressive increase in gain and directivity at the upper end of the band.
Figure 4.17 shows the co-polarized E-plane radiation patterns for each frequency us-
ing various values of Dinner. At low frequencies, the location and arrangement of the back
lobes is effected while the main lobes remain stable. At high frequencies, it is again
shown that increasing values of Dinner enhance the gain of the forward lobes, most notably
in at 5.9 GHz and 9.5 GHz (Figure 4.17(d) and (e)).
Figure 4.16: (a) Reflection coefficient and (b) Max gain for Dinner variation
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Figure 4.17: H-plane co-polarized radiation patterns for selected values of the parameter Dinner.
(a) 850 MHz, (b) 1.575 GHz, (c) 2.4 GHz, (d) 5.9 GHz, (e) 9.5 GHz
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Figure 4.18: E-plane co-polarized radiation patterns for selected values of the parameter Dinner.
(a) 850 MHz, (b) 1.575 GHz, (c) 2.4 GHz, (d) 5.9 GHz, (e) 9.5 GHz
112 CHAPTER 4
C. Distortion of the Aspect Ratio of the PICA shapes
In the original PICA design, the length and width are equal giving an aspect ratio (AR) of
1:1. A third parametric investigation performed on the uniplanar CPW fed PICA slot an-
tenna explored the possibility of alternative aspect ratios (Figure 4.12(c)). For simplicity,
the aspect ratio is presented as a decimal number, and has been defined as width divided
by height. The resulting geometries are scaled so aspect ratios greater than 1:1 maintain
a constant width, and aspect ratios less than 1:1 maintain a constant height. Therefore, in
the figures, an aspect ratio of 0.25 implies the ratio 0.25:1. In this aspect ratio, the PICA’s
width is one quarter of its height — the width has been reduced by a factor of four to
create a tall skinny shape. Likewise, an aspect ratio denoted 1.33 implies the ratio 1.33:1.
Here the width to height ratio has been altered to create an overall shape width that is
1.33 times wider than the height. In order to achieve this aspect ratio without increasing
substrate space, the height of the shape is reduced by a factor of 0.75 in order to obtain
the correct proportions.
The performance of the antenna when its aspect ratio is distorted produces vastly dif-
ferent results as seen in Figure 4.19. Of particular note is the loss of wideband matching
for both extremely low (0.25:1) and extremely high (4:1) aspect ratios. At 1.2 GHz for
example, only the 1 and 1.33 aspect ratios achieve the required -10 dB reflection coeffi-
cient.
Close inspection reveals that aspect ratios greater than 1 display a narrow resonance
at 900 MHz. The persistence of the impedance match at this frequency is readily explain-
able. As the aspect ratio is increased, the shape created becomes similar to a folded slot
dipole antenna. The height is reduced, but the width of the slot remains constant and
corresponds to approximately half a wavelength at 900 MHz. In general, small variations
in aspect ratio provide a suitable match throughout the centre of the band. Figure 4.19(b)
shows again that the lengthening of the tapered slots which occurs at the lower aspect
ratios tends to result in increased gain at the higher frequencies of 5.9 GHz and 9.5 GHz.
Figure 4.21 shows the E-plane patterns. Drastic changes may be observed in the
patterns at 5.9 GHz and 9.5 GHz (Figure 4.21(d) and (e)), where all values obtain an
adequate match. High aspect ratio PICA shapes result in a low gain of about 0 dBi, and
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low aspect ratio shapes result in higher gain exceeding 10 dBi. Changes are also visible in
the low frequency radiation pattern of Figure 7(a), where the pattern becomes increasingly
assymetrical about the x-z axis.
D. Ground Plane removal
The method of operation of the uniplanar CPW fed PICA slot antenna discussed in Sec-
tion 4.2.5 raised an interesting question: how much ground plane is required on the border
of the slot for good operation?
In order to investigate this question, a simulation model was created which enabled
triangular sections of the ground plane to be removed from the upper area of the PICA
antenna (Figure 4.12(d)). The distance between the tip of the vertex of the PICA and the
edge of the ground plane was parameterized with the term GPR to enable a number of
conductor free distances to be inspected.
Figure 4.19: (a) Reflection coefficient and (b) Max gain for Aspect Ratio variation
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Figure 4.20: H-plane co-polarized radiation patterns for selected values of the Aspect Ratio pa-
rameter. (a) 850 MHz, (b) 1.575 GHz, (c) 2.4 GHz, (d) 5.9 GHz, (e) 9.5 GHz
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Figure 4.21: E-plane co-polarized radiation patterns for selected values of the Aspect Ratio pa-
rameter. (a) 850 MHz, (b) 1.575 GHz, (c) 2.4 GHz, (d) 5.9 GHz, (e) 9.5 GHz
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Two trends are visible in the reflection coefficient and gain results of Figure 4.22
and the radiation patterns presented in Figure 4.23 and Figure 4.24. Firstly, as the width
of the ground border approaches zero, the low frequency matching begins to deteriorate
particularly at around 1.2 GHz (Figure 4.22(a)). If the border has a width less than 30
mm, the result is a slight mismatch at the low end of the band. Removal of the border
altogether (the 0 mm case) results in a dual-band antenna, matched from 1.5 GHz to 2.1
GHz, and then from 2.5 GHz to almost 15 GHz. A very thin border of 2 mm preserves
a moderate impedance match, better than 10 dB above 1.4 GHz, and better than 7.5 dB
in the range from 750 MHz to 1.4 GHz. Although an impedance match resulting in the
|S11| being 7.5 dB would normally not be tolerated, some manufacturers may deem this
value adequate. A 6 dB match is considered sufficient for mobile phone handset antennas
by many in that industry [3, p.30], and this mismatched portion of spectrum falls within
the band to be used for that purpose. Infact, the performance at the worst location still
exceeds the 6 dB requirement by 1.5 dB.
Secondly, removal of the upper portion of ground plane results in a notable change in
the antenna radiation pattern. Examining the E-plane pattern at 5.9 GHz (Figure 4.24(d)),
it can be seen that decreasing the width of the upper border tends to reduce the maxi-
mum value of gain in the front lobes (verifiable in Figure 4.22(b)), whilst widening the
beamwidth of those lobes. This same behaviour can be seen at 2.4 GHz and at 1.575 GHz
to a lesser extent.
Figures 4.23 and 4.24 only show radiation in a specific plane of the antenna. An
interesting phenomenon is observed when the 3D radiation pattern is viewed for different
values of the GPR sweep. For simplicity, the 5.9 GHz frequency band will be used to
demonstrate the effect which is observable to some degree across all the bands.
Figure 4.25 shows the 3D radiation patterns at 5.9 GHz for two different cases in the
Ground Plane investigation. In Figure 4.25(a) the radiation pattern corresponds to the case
where the ground plane is at full size, unchanged from the baseline PICA shape, while
Figure 4.25(b) shows the truncated ground plane case of 0 mm. Both figures also show
the corresponding geometries in a faint outline.
The baseline PICA geometry produces the radiation pattern shown in Figure 4.25(a)
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with nulls in the plane of the antenna substrate. Drawing upon the theory of operation
covered in Section 4.2.5, at high frequencies the PICA operates in a manner similar to a
pair of tapered slots [84, 85]. This would normally produce a beam in the plane of the
substrate (Figure 4.25(b)). In the PICA case, the radiation is split into beams both above
and below the substrate by the presence of the ground plane).
Decreasing the width of the ground plane, or removing it all together, tends to soften
this bifurcated type of radiation, removing the central null. This is illustrated in Fig-
ure 4.25(b) where the upper Ground Plane is removed, and 4.11(b) where the upper
portion of the antenna is truncated to create the HFE.
Summary of antenna behaviour and parameter effects
The wideband performance achieved in the uniplanar CPW-fed PICA is due to two pri-
mary modes of operation. The gradual taper between the inner and outer PICA shapes
Figure 4.22: (a) Reflection coefficient and (b) Max gain for Ground Plane removal
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Figure 4.23: H-plane co-polarized radiation patterns for selected values of Ground Plane removal.
(a) 850 MHz, (b) 1.575 GHz, (c) 2.4 GHz, (d) 5.9 GHz, (e) 9.5 GHz
CHAPTER 4 119
Figure 4.24: E-plane co-polarized radiation patterns for selected values of Ground Plane removal.
(a) 850 MHz, (b) 1.575 GHz, (c) 2.4 GHz, (d) 5.9 GHz, (e) 9.5 GHz
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forms a pair of tapered slots that support high frequency operation, and produces max-
imum gain in the direction of the slot openings. At low frequencies, the slot which is
formed in the ground plane by the larger PICA shape dominates the antenna behaviour,
producing maximum gain at broadside to the substrate. The combination of these two
modes extends the bandwidth of the antenna beyond that of either mode alone, and cre-
ates distinctly different radiation patterns at the upper and lower ends of the band.
These two radiation patterns may provide significant benefit for multi-service oper-
ation in the vehicular environment. The PICA could be mounted in a vehicle roof, and
employed for GPS operation at 1.575 GHz providing reception of satellite signals from
above, while simultaneously communicating with vehicles or roadside infrastructure in
the horizontal direction at 5.9 GHz.
Varying ‘Ins’ in the PICA design created no significant change in gain or radiation
performance, but varied impedance matching significantly. Alteration of the relative sizes
of the two PICA shapes, achieved by modification of the parameter Dinner resulted in
geometries which for the most part achieved acceptable impedance matching, yet allowed
for selection of the high frequency gain between 5 dBi and 10 dBi. Modification of
the aspect ratio of the shape had effect on both impedance and radiation performance.
Figure 4.25: 3D radiation patterns at 5.9 GHz for GPR values of (a) 120 mm and (b) 0 mm
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Geometries of lower aspect ratio are inclined to produce higher gain, particularly at the
upper end of the band. Gradual removal of the upper portion of ground plane preserves
an acceptable impedance match at the upper end of the band, while introducing a rising
mismatch below 1.4 GHz, and tends to reduce the null present in the x-y plane end-fire
radiation of the original design.
4.2.7 The truncated PICA antenna
The truncated PICA antenna (Figure 4.26) represents an intermediate stage in the devel-
opment of the recently presented enlarged uniplanar CPW-fed PICA slot antenna Sec-
tion 4.2.8. The parameter analysis work presented in Section 4.2.6 provided an under-
standing of the method of radiation of the antenna, describing the antenna performance
in terms of a combination of behaviours from two well known classes of antennas. At the
low end of its band, the PICA radiates a low gain broad beamwidth pattern like a tradi-
tional slot antenna, while at the upper end of the band, the PICA behaves like a tapered
slot antenna, creating high gain in the direction of the opening of the slots. However, in
the original design, the presence of a thick ground plane at the end of the slot opening
causes an undesirable split in the radiation pattern in the plane of the substrate. Hence,
it was decided to truncate the upper portion of ground plane as shown in Figure 4.26
(represented by the parameter ‘GPR’). In addition, it was decided to investigate the use
of thinner 0.4mm FR-4 substrate. Note that the other parameters were left essentially
unchanged. The dark grey areas of Figure 4.26 represent the metalized sections of the
antenna, while the light green areas show an absence of conductive metal, revealing the
FR-4 substrate on which the antenna is constructed.
Figure 4.27 shows the radiation pattern of the antenna both with and without the trun-
cated ground plane. Cartesian co-ordinates and a thin grey outline of the antenna con-
ductors are drawn to provide orientation. Where the ground plane is kept at the full size,
the main beams of radiation can be seen to be split above and below the substrate, with a
null in the x-y plane. Removal of a portion of the ground plane in the manner prescribed
increases the gain in the plane of the substrate, and results in a decrease in the value of
peak gain by approximately 2 dBi. This corresponds with the reduction in directivity due
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Figure 4.26: Geometry of the truncated PICA. Parameters: L = 190mm, W = 200mm, CPWlength
= 33.3mm, CPWcentre = 2.84mm, CPWgap = 3.24mm, Douter = 73.3mm, Dinner = 40mm, Ins =
0.67mm, GPR = 10mm, h = 0.4mm
to the broadening of the beamwidth at this frequency. The modification is advantageous
for application in vehicles because, if installed horizontally in a section of bonnet, roof or
trunk, the antenna with the truncated ground plane will provide higher gain at 5.9 GHz
in the direction of the horizon where roadside beacons or other vehicles are likely to be
located. Therefore, the truncation of the groundplane enables the electromagnetic energy
to be directed where it is needed at the upper end of the antenna’s frequency range.
The Truncated PICA automotive antenna is flat and low profile, printed on a single
side of an industry standard FR-4 printed circuit board material substrate. The fabricated
structure is 0.4 mm thick, enabling it to be attached to, or embedded in, polymeric compo-
nents. It occupies an area of 190 mm by 200 mm and provides a good impedance match
to a 50 Ω transmission line at each of the frequencies mentioned in Table 4.1.
This intermediate stage applies some of the knowledge gained in the parametric sweep,
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Figure 4.27: Radiation pattern of the PICA antenna at 5.9 GHz, (a) with the original ground plane,
and (b) with the truncated ground plane (GPR = 10 mm)
but is not the optimal PICA design for vehicular applications. Nevertheless, it is an inter-
esting wideband antenna, and is used to evaluate the effect of curvature on wideband slot
antennas in Section 5.2.
4.2.8 Optimised PICA-based Vehicular Antenna
Equipped with an understanding of the effects of the various parameters in the PICA ge-
ometry, an Optimised PICA (O-PICA) for vehicular applications was produced. There
were several competing demands to consider in creating an optimised geometry. The
first requirement was to reduce the substrate dimensions occupied by the antenna. Sec-
ondly, parameters were selected to improve the antennas radiation performance at 5.9
GHz, whilst preserving the low frequency impedance match and radiation. The paramet-
ric analysis had demonstrated that careful selection of values ought to enable the x-y plane
null in the original design to be reduced. However the competing requirements at low fre-
quencies placed constraints on acceptable values of AR and GPR. Third, it was desirable
to obtain a good impedance match when simulated in both free space and adjacent to an
SMC body panel. This would enable the optimised antenna to be positioned horizontally
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on a vehicle, behind a polymeric panel, or perform equally well in free space. Optimisa-
tion was performed manually by altering the antenna geometry until each of the perfor-
mance requirements were satisfied simultaneously. The resulting antenna is depicted in
Figure 4.28.
Figure 4.28: Geometry of the Optimised PICA-based Vehicular Antenna (O-PICA). A grey outline
shows the shape and size of the baseline design for comparison. Note: Parameters are sketched in
the original geometry of Figure 4.7.
Parameters: L = 200mm, W = 170mm, CPWlength = 25mm, CPWcentre = 2.84mm, CPWgap =
3.24mm, Douter = 67mm, Dinner = 42mm, Ins = 0.7mm, h = 0.4mm, AR = 0.85, GPR = 7mm
The size of the PICA structure has been significantly reduced, occupying only 45%
of the substrate area of the original design. Despite this, the lowest frequency of op-
eration has been maintained at approximately 730 MHz as shown in Figure 4.29. This
was achieved by increasing the size of the inner PICA shape (Dinner) as explained in Sec-
tion 4.2.6. The substrate sides were cropped at 170 mm, and the width further reduced
by means of altering the aspect ratio. The aspect ratio was set to 0.85:1 by applying a
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transformation which narrows the entire structure, giving an overall substrate width of
144.5 mm. This enhances the forward gain at the upper end of the band.
Figure 4.29: Measured reflection coefficient of the optimised PICA antenna
In order to avoid the bifurcation in the radiation pattern at 5.9 GHz caused by the
upper portion of ground plane, the ground plane was truncated at a distance of 7 mm from
the antenna structure. The intended result was achieved, with maximums at this frequency
occurring in the plane of the substrate (x-y plane) as seen in Figure 4.30. The simulated
radiation at other common bands is also presented in Figure 4.30.
Measured radiation patterns of the fabricated O-PICA vehicular antenna agree well
with the simulated values in terms of the radiation pattern shape. The peak gain obtained
at 5.9 GHz is found to be lower than expected, however, at approximately 5 dBi (Fig-
ure 4.31(c)). This may be due to losses in the dielectric substrate (FR-4). Comparison of
Figure 4.31(c) and (d) reveals that the radiation emitted in the x-y plane is predominantly
horizontally polarized, assuming the antenna was mounted flat on a vehicle roof (ie. par-
allel to the surface of the earth). This polarization should be anticipated given the origin
of the radiation in a horizontally aligned tapered slot.
The Optimised PICA-based Vehicular Antenna presented in this section is the subject
of study once again, in Section 5.3. In that section the effect of attachment of the antenna
to a polymeric vehicle panel is investigated.
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Figure 4.30: Simulated 3D radiation patterns of the Optimised PICA-based Vehicular Antenna.
(a) 850 MHz, Maximum gain is 3.1 dBi (b) 1.575 GHz, Maximum gain is 3.5 dBi (c) 2.4 GHz,
Maximum gain is 5.0 dBi (d) 5.9 GHz, Maximum gain is 8.0 dBi
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Figure 4.31: Measured radiation patterns of the optimised antenna in free space. (a) x-z plane (b)
y-z plane (c) x-y plane horizontal polarization (d) x-y plane vertical polarization (cross-pol)
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4.3 The WiPlaVe Antenna
A multitude of wideband antennas have been proposed since the early days of radio. Many
early wideband antennas were based on 3D geometries such as discone antennas and
biconical antennas [71,72]. In the past decade much interest has been revived in wideband
antennas as designers create new wideband designs for use in the FCC UWB scheme [70].
These modern antennas are often designed as planar elements of flat substrates for easy
integration with modern devices.
The number of wireless services used in vehicles has increased rapidly in recent times.
The modern vehicle features numerous antennas for transmitting, receiving or perform-
ing both functions at a variety of different frequency bands. Most vehicles achieve this
communication by fitting dedicated narrowband antennas for each service, or collating
several narrowband elements together under a ‘shark-fin’ style radome. A planar antenna
with wide impedance bandwidth could provide numerous benefits in the vehicular en-
vironment, particularly if used in combination with polymeric composite roof or body
panels. The Optimised PICA (O-PICA) Vehicular Antenna (Section 4.2.8) is a reconfigu-
ration of the PICA geometry with optimised radiation patterns for horizontal installation
in vehicular applications. The O-PICA provides quasi-omnidirectional radiation at the
low end of the band which tends to multiple forward leaning lobes at the upper end of the
band.
The O-PICA antenna produces fairly high values of gain at the upper end of the band.
Antennas with high gain are typically used for applications such as point-to-point links,
where a single main lobe is desired. The antenna is then installed in a way which aligns
the main lobe with the direction required. In the vehicular case however, where vehicle-
to-vehicle communication at 5.9 GHz is the objective, radiation on all angles around the
azimuth (x-y plane) may be desired. The PICA family produces several main lobes, all of
which are concentrated in the forward direction. Depending on the vehicle manufacturer’s
integration intentions and on the design of the radio to be used, multiple O-PICA antennas
could be installed into a single vehicular body panel at varying locations and on different
angles to account for the highly directional pattern. Installation of multiple antennas
may allow for selective transmission on individual antennas to communicate in particular
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directions. Installation of multiple antennas may also allow for implementation of various
diversity schemes. Multiple O-PICA antennas could be used with appropriate hardware
to provide a MIMO scheme at cellular frequencies whilst providing azimuthal coverage
at 5.9 GHz.
However, given the aim of designing a single wideband multifunction antenna, an
antenna which provides 5.9 GHz coverage at the four points of
the compass, or over as much of the azimuth plane as possible should be considered. It
was for this reason that the WiPlaVe (Wideband Planar Vehicular) antenna was conceived.
The WiPlaVe antenna is a novel design created to further improve upon wideband pla-
nar vehicular antennas beyond what is possible with the O-PICA and the PICA family of
antennas. Improvements are particularly targeted towards improving the high frequency
behaviour. Whilst the O-PICA provides a wideband impedance match and suitable low
frequency radiation patterns, its radiation pattern at 5.9 GHz presents opportunities for
further improvement.
Examination of Figure 4.30(d) reveals multiple forward lobes in the PICA pattern,
with a null in the centre of the pattern (in the y-z axis). The act of truncating the ground
plane removed the x-y plane null present in the original PICA design from the high fre-
quency pattern of the O-PICA, yet the y-z plane null and multi-lobe behaviour remain.
These radiation characteristics are inherent to the PICA design and were always present in
the PICA family of antenna designs. Figure 4.9(d) and (e) (page 100) shows the radiation
behaviour of the enlarged PICA at 5.9 GHz and 9.5 GHz respectively. Figure 4.11(b) (on
page 102) shows the radiation pattern of the High Frequency Equivalent (HFE) antenna
of Figure 4.10(b) (page 101). Each of these figures show peak gain occuring in directions
other than inline with the y-axis, and multiple lobe behaviour.
Drawing upon the theory of operation explained in Section 4.2.5, at high frequencies
the PICA behaves like two tapered slot antennas mounted adjacent to each other. This
configuration is represented in the geometry of the HFE antenna (Figure 4.10(b)), which
is identical to the PICA in the lower portion of the substrate, with the upper portion of
conductors removed. The orientation of the two slots angled outwards on a diagonal
on either side of the y-axis, provides a ready explanation for the null in the y-z plane.
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The peak gain from each individual tapered slot occurs in the endfire direction for that
slot. This produces peak gain for the PICA designs on either side of the y-axis, with a
corresponding dip in the y-z plane.
The second issue regarding the radiation patterns of the PICA antennas at high fre-
quencies is the multiple lobes formed in the forward direction. This effect may be caused
by the asymmetry present in the individual tapered slot geometries which form part of the
PICA slot shape, or at particularly high frequencies, these may be grating lobes which
occur for a slot spacing of greater than a half wavelength. Figure 4.32 illustrates the
asymmetry of the PICA slot. Three tapered slot antennas are shown with the conductors
in black. The centreline of the slot is shown by a red line. Usually, tapered slot antennas
are symmetrical down their length. This is true regardless of whether the taper is linear
(Figure 4.32(a)) or exponential (Figure 4.32(b)) in nature. In contrast to this, the tapered
slots formed within the PICA antenna are distorted. The slots are formed in the gaps be-
tween the two metallic half circles, one with radius Dinner and the other with a radius of
Douter. Because of the use of circles to lay out the conductors, the centre line of the slot
follows a curve (Figure 4.32(c)) as if a bending operation were performed on a normal
tapered slot antenna. This distortion of the usually straight centre line also distorts the
radiation pattern, causing the main lobe to break up into multiple lobes.
Figure 4.32: A comparison of tapered slot geometries. Metallized components are shown in black.
A red line identifies the centreline of the slot geometry. (a) linear taper, (b) exponential taper, (c)
distorted taper as found in the PICA
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4.3.1 WiPlaVe design
The WiPlaVe (Wideband Planar Vehicular) antenna was designed to preserve the wide-
band impedance performance of the PICA antennas whilst overcoming some of the draw-
backs inherent in the PICA makeup. The WiPlaVe geometry is shown in Figure 4.33.
Figure 4.33: WiPlaVe antenna
In order to achieve a wideband design the WiPlaVe antenna bears some similarities to
the PICA family. To assist in making a ready comparison of the two antenna geometries,
a half-cut of the WiPlaVe antenna (containing one of the two arms or radiators) is rotated
through 90 degrees and plotted for comparison with the Optimised PICA (Figure 4.34).
The family resemblance is clear.
The WiPlaVe antenna takes advantage of a similar method of operation as the PICA,
with a conductive stub exciting a slot (Figure 4.34(a) cf. Figure 4.34(b)). This aspect
of the antenna’s geometry creates a quasi-omni-directional broadside pattern at low fre-
quencies. The WiPlaVe geometry features tapered slots, two of which are shown on the
half-cut of Figure 4.34(c). The tapered slots allow for an impedance match at high fre-
quencies. This results in higher gain and directivity in the plane of the substrate at the
high frequencies. However, in order to avoid the multiple-lobe behaviour present in the
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Figure 4.34: Half of the WiPlaVe antenna with markup showing similarities with Optimised PICA.
(a) and (b) stub exciting an open slot, (c) and (d) tapered slots, (e) and (f) thin upper ground plane
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PICA designs, the tapered slots are symmetrical in contrast to the curvature of the PICA’s
slots (Figure 4.34(d)). A thin upper ground plane is designed for the WiPlaVe antenna
(Figure 4.34(e)) similar to that of the Optimised PICA (Figure 4.34(f)). The parametric
investigation of Section 4.2.6 revealed that a thick upper ground plane causes an undesir-
able null in the plane of the substrate. Removing the ground plane altogether leads to a
loss of the low frequency impedance and radiation behaviour.
In contrast to the PICA antenna, the WiPlaVe antenna is arranged in a way which
achieves 5.9 GHz service on all points of the compass around the azimuth of the vehicle.
This is achieved because the WiPlaVe antenna features four tapered slots (Figure 4.33)
whilst the PICA geometries featured only two, both of which faced in the forward (+ve
y) direction.
The WiPlaVe geometry is labelled in Figure 4.35. The antenna is double sided, and
is probe fed from the rear with an SMA connector. Those components shown in black
are located on the upper side of the substrate and are connected to the centre pin of the
SMA connector. Components shown in grey are on the lower side of the substrate and are
connected to the ground or shield of the connector. Several slits are cut into the design.
These are marked by the label A3 and A4 on the upper conductor, and by B4 and B5 on
the lower conductor. These slits mitigate the reflection of surface waves running along
the edge of the conductors. Without these slits, wideband performance is not achieved.
The fabricated WiPlaVe antenna is shown in Figure 4.36, formed on an FR-4 substrate
with a thickness of 0.8 mm. The low-cost nature of FR-4 means that the antenna is not
prohibitively expensive for use in the automotive industry despite its relatively large size.
The antenna has two modes of operation producing appropriate radiation patterns at low
frequencies and high frequencies respectively. At high frequencies, the metallised parts
effectively form four antipodal tapered slot antennas with the throats of the slots opening
out in directions 90◦ apart, on the four diagonals.
The measured and simulated reflection coefficient of the structure is shown in Fig-
ure 4.37. The WiPlaVe produces an inherently wideband impedance match. The simulated
reflection coefficient indicates that a good match is achieved from 650 MHz to beyond 7
GHz, with a small mismatched portion from approximately 1.07 GHz to 1.45 GHz. At
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the present time no frequencies of interest for automotive applications fall within this
mismatched band.
The measured values obtained for the reflection coefficient present some additional
slight mismatches. These occur in the range from 1.9 GHz to 2.2 GHz, 4.8 GHz to 5
GHz, and finally from 5.7 GHz to 6.1 GHz. The mismatch in the range from 1.9 GHz
to 2.2 GHz is in the band used for cellular communications where an |S11| of -6 dB is
the common standard for handsets [3, p.30], and the measured values in this band easily
meet such a requirement. The mismatch from 4.8 GHz to 5 GHz does not align with any
frequencies of interest and is therefore of little concern. The mismatch from 5.7 GHz to
6.1 GHz covers the 5.9 GHz band reserved for V2V and VII applications. This mismatch
is only small, with |S11| remaining below -9.4 dB.
Fabrication error may be responsible for these measured mismatches in the reflection
Figure 4.36: Fabricated WiPlaVe antenna. The antenna is shown with the negative direction of the
Z axis coming up out of the page
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coefficient. Construction of the prototype antenna required manual alignment of the litho-
graphic masks for the upper and lower sides of the antenna. At the end of the fabrication
process it was found that a slight error in registration had occured, with a misalignment of
approximately 1 mm. When viewed from the underside of the antenna (the side with the
SMA connector) the conductors on the positive-z side of the substrate appear to have been
translated approximately 1 mm to the left. This is seen in Figure 4.36 and Figure 4.38,
and corresponds to a shift towards the positive x direction. Although this alignment is
only small, it effects a critical part of the antenna geometry. The parametric sweep of the
PICA parameter ‘Ins’ in Section 4.2.6 revealed the effect that even small changes to this
part of the geometry can have on impedance matching behaviour especially at the higher
frequencies. Any commercial production of the antenna of significant volume would be
free from such errors due to the precise tolerances achieved by the machines invovled in
modern printed circuit fabrication.
Therefore, the WiPlaVe antenna provides an impedance match for those same fre-
quency bands as the Enlarged PICA and Optimised PICA. The corresponding services
compatible with the WiPlaVe antenna are listed in Table 4.2.
Figure 4.37: Simulated and measured reflection coefficient for the WiPlaVe antenna
The 3D simulated radiation pattern is shown in Figure 4.39. The antenna produces
a quasi-omnidirectional radiation pattern. A high level of symmetry is evident for each
frequency band. The peak gain increases from 2.6 dBi at 850 MHz to 5.5 dBi at 5.9
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Table 4.2: Automotive Signals Compatible with the WiPlaVe Antenna
Service Name Frequency Terrestrial Satellite
Cellular Phone (and mobile internet over HSPA) 850 MHz Yes
Cellular Phone 900 MHz Yes
Global Positioning System (GPS) 1.575 GHz Yes
Cellular Phone (and mobile internet over HSPA) 1.7–2.1 GHz Yes
Satellite Digital Audio Radio Service (SDARS) 2.3 GHz Yes* Yes
802.11 b/g/n Wi-Fi 2.4 GHz Yes
Bluetooth 2.4 GHz Yes
WiMAX 2.3,2.5,3.5 GHz Yes
DSRC, V2V, VII, 802.11p 5.9 GHz Yes
*Terrestrial transmitters are located in some downtown areas.
Figure 4.38: Photos of fabrication error in the WiPlaVe antenna. (a) and (b) are opposite sides of
the device. The thin 0.4mm line designated by the parameters A6 and A7 can be seen to protrude
much further in (a) than in (b)
GHz. Inspection of Figure 4.39(d) shows the endfire radiation produced by each of the
four slots. Note that the peak gain occurs on the diagonal between the X-axis and Y-axis,
due to the orientation of the slots on the diagonals. Also note that for each frequency
investigated, the radiation pattern displays nulls which are aligned with the primary axes
of the coordinate system.
Figures 4.40, 4.41 and 4.42 compare the simulated 2D cuts of the radiation pattern
with measured results obtained in an anechoic chamber. The measured radiation patterns
closely resemble those predicted by the simulation tool CST Microwave Studio in general.
The X-Y plane cuts of Figure 4.40 display peak gain on the diagonals between axes
with nulls in both directions along the X-axis and Y-axis. In the case of Figure 4.40(c) and
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Figure 4.39: Simulated 3D radiation patterns for the WiPlaVe antenna. (a) 850 MHz, Maximum
gain is 2.6 dBi, (b) 1.575 GHz, Maximum gain is 3.5 dBi, (c) 2.4 GHz, Maximum gain is 4.3 dBi,
(d) 5.9 GHz, Maximum gain is 5.5 dBi
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(d) this radiation pattern is due to the currents formed along the tapered slots at these high
frequencies, which produces endfire radiation. At the low frequencies however this four
sector radiation is due to destructive interference between the two halves of the WiPlaVe
antenna, as we shall see later. The X-Y plane results show very good agreement between
the measured and simulated values.
The measured results align well with those predicted by the simulation tool for the
X-Z plane as shown in Figure 4.41(b), (c) and (d), and Figure 4.42(c) and (d). The co-
polarized measured values shown in Figure 4.41(a) and Figure 4.42(a) are significantly
lower on average. This may be due to higher than expected dielectric losses in the FR-4
material. In addition, accurate measurements of antenna gain difficult to obtain, especially
when the frequency of interest is not aligned directly with the calibrated 0.5 GHz steps
of the ETS-LindgrenTM 3115 reference horn antenna. Some variation in shape is also
observed, particularly in Figure 4.41(a).
The level of correlation between simulated and measured results at 5.9 GHz in both
the X-Z and Y-Z planes is very high. The shape of the pattern in each case harmonises
very well, whilst the measured magnitudes are 1 or 2 dB lower on average. It is impor-
tant to note that whilst these plots show the main beams directed above and below the
board, this is only due to the location of the nulls in these planes, as discussed earlier.
Inspection of the 3D simulated results (Figure 4.39) confirms that these deep nulls in the
primary axes are to be expected. It is important to remember that the primary directions
of communication at 5.9 GHz are on the diagonal, and that the radiation in the plane of
the substrate on these angles is much higher. This is demonstrated in the X-Y plane plot
of Figure 4.40(d). Some ripple is present within each sector of the X-Y plane at 5.9 GHz,
but this is of a relatively low level, considering the operation of such a large structure at a
high frequency.
To provide the best radiation patterns for the service, the antenna would be installed
on a 45◦ angle with the slots facing in the required directions as shown in Figure 4.43.
It would of course be possible to provide a wideband antenna for vehicles that is
closer to omnidirectional in its radiation performance about the azimuth, and avoids the
nulls present with the WiPlaVe design, yet no such antenna is able to combine the wide
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Figure 4.40: Measured and simulated radiation patterns for the WiPlaVe antenna in the X-Y plane.
(a) 850 MHz, (b) 1.575 GHz, (c) 2.4 GHz, (d) 5.9 GHz
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Figure 4.41: Measured and simulated radiation patterns for the WiPlaVe antenna in the X-Z plane.
(a) 850 MHz, (b) 1.575 GHz, (c) 2.4 GHz, (d) 5.9 GHz
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Figure 4.42: Measured and simulated radiation patterns for the WiPlaVe antenna in the Y-Z plane.
(a) 850 MHz, (b) 1.575 GHz, (c) 2.4 GHz, (d) 5.9 GHz
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Figure 4.43: Schematic of ideal WiPlaVe antenna orientation on vehicle (Note: not to scale). (a)
The WiPlaVe antenna would be installed in a rotated position to orient the tapered slots in the
desired direction (b) the x-y plane radiation pattern in free space at 5.9 GHz is superimposed to
illustrate the kind of performance which may be achieved
bandwidth and extremely low profile manifested here by the WiPlaVe.
An array of printed dipoles may be used to create excellent uniformity in power levels
transmitted on all azimuthal aspect angles [86], but this solution is not wideband and re-
quires considerable height. A discone or biconical antenna provides wideband impedance
matching and omnidirectional radiation patterns in the azimuth. However, such 3D cone-
based antennas also have a significant height in the z direction.
Antennas with reduced-height conical geometry have been investigated [87–90]. The
recently published WIBOC antenna [90] is a noteworthy example. It appears to be a very
well designed device and provides good behaviour over a wide bandwidth from 100 MHz
to 3 GHz. The radiation patterns are near-omnidirectional in the aziumuth especially at
the lower frequencies. The presented antenna is 343mm high, but when scaled down by
a factor of 7 to obtain an antenna with an impedance match over a similar range as the
WiPlaVe antenna, the height is still approximately 49mm. This is significantly thicker
than the WiPlaVe antenna’s height of 0.8mm. Furthermore, it is likely that the uniformly
omnidirectional nature of the azimuthal radiation pattern may change once mounted on a
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vehicle body.
Reduced-height conical antennas such as the WIBOC require complex 3D geometries,
which could make the devices relatively expensive to fabricate. A 50 mm thick antenna
would not be suitable for integration with thin polymeric composite structures which are
only several millimetres thick. Its thickness would likely prohibit it from being embedded
into a color matched SMC body panel. There may be a possibility of installing such a
device on the exterior of a metal roof although resistance may be encountered from vehicle
designers or the car purchasing public. This would depend on the aesthetic appearance
of the antenna itself, or any radome provided to disguise it. In order to achieve more
omnidirectional patterns at 5.9 GHz by using a reduced-height conical antenna, one would
have to forgo the opportunity of creating a hidden wideband antenna.
The WiPlaVe antenna provides a radiation pattern at 5.9 GHz which covers all four
sides around the azimuth of a vehicle. This bodes well in an environment where auto-
mobile designers may wish to employ the WiPlaVe antenna to communicate on the V2V
frequencies with vehicles in all directions. The 5.9 GHz behaviour stands in contrast with
the Optimised PICA antenna whose radiation at this frequency is concentrated in several
lobes in the positive Y direction (Figure 4.30(d)). Whilst this is a positive change, it
appears the Optimised PICA provides better performance in the lower frequency ranges.
Comparing Figure 4.39 (page 138) with Figure 4.30 (page 126) at frequencies of 850
MHz and 1.575 GHz shows that the WiPlaVe’s pattern is inferior for these services when
compared to the Optimised PICA.
At 850 MHz the Optimised PICA provides a very close approximation of a dipole-like
pattern. With the exception of the null directed along the y-axis, which is unavoidable, the
pattern of the antenna is very omnidirectional. Inspection of the radiation pattern for the
WiPlaVe at the corresponding frequency reveals a four leaf clover pattern with additional
nulls directed in both directions along the X-axis and the Z-axis.
Consider again the radiation behaviour of both antennas at 1.575 GHz for GPS ap-
plications. The PICA provides a wide beamwidth quasi-omnidirectional pattern for re-
ceiving signals from satellites scattered on various angles across the sky (z-directed). It
is important to note that this is not a perfect GPS pattern. It lacks circular polasization,
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fails to reject signals from the underside of the board (negative Z direction), and doesn’t
provide uniform gain to satellites irrespective of location to the same degree as a GPS
patch or choke-ring antenna may. However when compared with the WiPlaVe pattern
at 1.575 GHz, the PICA pattern stands out as superior. (The adequacy of the Optimised
PICA antenna for GPS applications is investigated in Section 5.5). The WiPlaVe antenna’s
radiation pattern at 1.575 GHz is concentrated in two narrow disk-like sectors either side
of the Y-Z plane (Figure 4.39(b)). A very significant null, both deep and wide, is present
in the directions of the X-axis. In addition, satellites located directly above the vehicle
may not be received due to the null in the Z-axis.
The WiPlaVe antenna simulation model was reconfigured to enable a variety of alter-
native feeding arrangements to be considered. With the aim of improving the performance
of the WiPlaVe at low frequencies, particularly at 1.575 GHz, the SMA probe feed was re-
moved from the model. The 100 Ω transmission line defined by A6 and A7 was segmented
to provide two 100 Ω discrete ports, one for each radiator arm of the antenna.
The excitation list facility within the CST Microwave Studio R© Transient Solver was
implemented. This allows the solver to excite both radiators of the WiPlaVe geometry with
variable magnitude or with varying phase shifts. Various possible solutions were consid-
ered. Improving the pattern at 1.575 GHz by removing the Z-directed null was deemed
the highest priority. Several configurations were trialled which produced a variety of pat-
terns. The simulation of various phase differences revealed that it is possible to remove
the Z-directed null by creating phase differences between the radiators. However, each of
the phase differences studied produced undersirable effects and significant distortion of
the radiation patterns in the other bands.
By exciting only one half of the WiPlaVe, it was realised that the low frequency pat-
terns of the antenna became much more similar to the PICA. As discussed in Section 4.2.5
at low frequency the precise shape of the stub and slot make little difference to radiation
of this type of antenna. Both the Z-directed and Y-directed nulls in the pattern of the
WiPlaVe are due to cancellation between the two halves.
Henceforth it was concluded from preliminary simulations that to provide the opti-
mum WiPlaVe antenna performance a device should be created to feed only half (or one
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arm) of the antenna at low frequencies, and feed both arms with equal amounts of in-
phase RF power at 5.9 GHz. Such a device would remove the nulls and improve the
pattern at low frequencies whilst retaining the quasi-omnidirectionality in azimuth at high
frequencies created by the four tapered slots.
4.3.2 Diplexer design
Having used CST Microwave Studio to individually excite the two radiators which make
up the WiPlaVe geometry with a variety of phase and magnitude combinations, the con-
figuration required to achieve improved WiPlaVe radiation performance became clear.
At low frequencies the radiation produced by each of the WiPlaVe radiators is predom-
inantly directed broadside to the antenna substrate, like a tradition slot antenna. This is
similar to the behaviour of the O-PICA at low frequencies (Figure 4.30(a) - (page 126)).
If both radiators in the WiPlaVe geometry are fed with the low frequency signal, the ra-
diated energy combines to form undesirable nulls in the pattern (Figure 4.39(a) and (b) -
(page 138)) particularly in the directions of the z-axis and y-axis. On the other hand, at
high frequencies the two radiators in the WiPlaVe geometry effectively form two tapered
slots each, leading to an effective total of four tapered slot antennas in the one antenna.
These four tapered slot antennas provide four-sector coverage on all sides of a vehicle at
5.9 GHz (Figure 4.39(d) and Figure 4.43(b)).
Consequently, to obtain the best performance from the WiPlaVe antenna for each fre-
quency range it would be desirable to feed only one of the two WiPlaVe radiators at the
low frequencies, whilst feeding both WiPlaVe radiators with equal power, phase-matched
signals at 5.9 GHz.
A schematic of the required functionality is shown in Figure 4.44. The device is
primarily a diplexer but it will necessarily be more complicated than a typical diplexer.
After separating the input signal into two channels according to frequency it must split
the high frequency channel, recombining half of the high frequency power with the low
frequency channel. The functions required describe a diplexer-divider-combiner hybrid
device, yet for the sake of simplicity the device will be referred to as a diplexer.
A search of the literature was conducted to find a suitable device which may provide
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Figure 4.44: Schematic of the required device
the required functionality and be integrated into the antenna. No suitable devices were
found.
Nevertheless, the literature search revealed the usage of Complimentary Split Ring
Resonators (CSRR’s) to create microstrip low pass [91] and high pass [92] filters. A
microstrip CSRR diplexer was proposed in [93]. This demonstrated filter and diplexer
capability, combined with their small size and high Q makes CSRR’s an interesting pos-
sibility for designing the necessary WiPlaVe device.
The CSRR diplexer proposed in [93] provides narrow passbands for each of the two
outputs. In order to maintain the wideband radiation performance of the WiPlaVe, the
diplexer required may have a narrow band in the high frequency channel, but the low
frequency channel ought to have a much wider bandwidth. The 5.9 GHz band has been
reserved for DSRC and V2V applications. The exact frequencies vary from country to
country, but the Australian context is typical with ACMA approved spectrum from 5.850
GHz to 5.925 GHz.
The diplexer device is formed on both sides of a Rogers RT/duroid R© 5880 substrate.
This high performance microwave substrate is required to the minimize dielectric losses
which would be incurred if FR-4 was selected. The thickness of material is 0.8mm, so
as to match the thickness of the substrate used for the WiPlaVe antenna. The X and Y
dimensions are 50mm by 40mm respectively.
The diplexer is created by using an arrangement of two high-pass filters (HPF) and one
band-stop filter (BSF). The use of CSRR’s to create these filters results in very compact
physical dimensions with very sharp transitions due to the high Q of the CSRR’s.
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The CSRR’s are highly resonant devices. When inserted in the groundplane directly
below a microstrip line they will resonate at their resonant frequency if excited. To create
a band-stop filter, all that is required is to create a CSRR which is tuned to the frequency
of interest in the groundplane at the chosen point [94]. If the transmission line is then fed
with a signal which carries the frequency of resonance of the CSRR, the device will begin
to resonate at the tuned frequency. This acts to stop the propagation of that frequency
down the transmission line. In this way, a CSRR BSF permits all frequencies to pass with
the exception of the tuned frequency.
A similar method is followed to create a microstrip high-pass filter, with one primary
exception. The microstrip must be broken above the filter to create a gap above the CSRR,
rather than a continuous transmission line [92]. In this geometry, the resonance of the split
ring resonator functions by coupling the energy across the capacitive gap into the second
transmission line at the tuned frequency. The device may be thought of as either high-pass
(HPF) or band-pass (BPF) in the presented incarnation.
The device is shown in Figure 4.45. The upper conductors are shown in dark grey,
whilst the conductors on the underside of the board are shown in light grey. The lower
side features the CSRR’s etched into a ground plane, whilst the top side of the substrate
consists of an arrangement of three microstrip lines joined by a ring. The geometric
parameters used to create the structure are labelled. The inset image of Figure 4.45 desig-
nates various parts of the device. Regions are labelled from top to bottom, and from left
to right, whilst the ports are labelled in a clockwise direction. The track dimensions were
arrived at after much effort and literally hundreds of simulations. For the device to oper-
ate at the level of performance required, each parameter in the geometry required precise
tuning. Even the parameter Ringdiameter has a significant effect on the overall performance
of the device.
A 50 Ω input is provided at the top of the board in region I. Regions II and IV contain
a band-pass filter (BPF). Region III contains a band-stop filter (BSF). Region V contains
a 50 Ω output to Port 3, whilst region VI contains a 50 Ω output to Port 2.
Each of the three CSRR’s is constructed to identical dimensions, but is rotated about
its axis to orient the splits in the rings appropriately for their respective locations. The
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Figure 4.46: Simulated S-parameter magnitudes for the diplexer
Figure 4.47: Measured S-parameter magnitudes for the diplexer
CSRR’s are spaced 120◦ apart and are located directly underneath the transmission line.
A disk-like shape is formed in the microstrip line directly above the CSRR in region IV.
It has a diameter defined by the parameter ‘pad’ and is used to locally increase the width
of the tapered microstrip line. The width of the metal creates a capacitance which is used
to offset the negative capacitance and improve the performance of the filter as explained
in [92].
For the sake of simplicity, the function of the diplexer device will be described for an
RF signal input at Port 1, as if working in transmit mode. The device also provides the
required functionality in receive mode. We begin by examining the low frequency path
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(below approximately 3 GHz).
If inserting a low frequency continuous wave sinusoidal signal (of 1.575 GHz for ex-
ample), the signal will travel from Port 1 down the 50 Ω transmission line to the first
junction at point P. The electromagnetic wave is presented with a junction caused by a
microstrip ring with an impedance of 50 Ω and will begin to propagate in both directions.
That portion of the signal which propagates in a counter-clockwise direction towards re-
gion II arrives at the the open circuit presented by the gap in the microstrip line, and is
reflected back. Viewed another way, the signal’s frequency is outside the range of the
band-pass filter and it is unable to pass through the region II filter to point Q.
The portion of the electromagnetic wave which is guided in a clockwise direction to-
wards region three, passes from point P to point R without hinderance. The low frequency
of the signal is outside the range for which the CSRR will resonate. Hence, the signal’s
frequency is outside the range of the band-stop filter. It is therefore not ‘stopped’.
Standard microstrip design techniques would stipulate that to split a 50 Ω transmission
line at a T-junction, one would use the principle of resistors in parallel, and design the two
output arms of the split at location P to have an impedance of 100 Ω. However, in this
device, only one section of the ring is ‘connected’ at any given frequency due to the use
of the filters so a 50 Ω impedance is required.
Having arrived at point R, the low frequency electromagnetic energy is again split by
a junction. Part of the energy travels ahead to region IV, whilst some is split off down the
transmission line into region VI. In region IV, the low frequency signal meets the second
of the band-pass filters at the capacitive gap in the transmission line. The signal is unable
to pass through the filter because its frequency is too low to excite the resonator. Hence,
propagation of low frequency energy from point R to point Q is prohibited. Without the
presence of the 5.9 GHz BPF’s in region II and region IV, low frequency energy from the
input would emerge from both Port 2 and Port 3.
An analysis of the operation of the diplexer device at high frequency (5.9 GHz) pro-
ceeds in a similar vein, except that the filters behave in an opposite manner since the
CSRR’s are resonant at this frequency. The 5.9 GHz signal is presented to the input at
Port 1 and the electromagnetic energy is guided down the 50 Ω transmission line to the
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junction at point P. From here, the signal is split in both clockwise and counter-clockwise
directions around the central microstrip ring. Energy propagating in a clockwise direction
towards point R will pass over the CSRR of region III. This CSRR acts as a band-stop
filter for the 5.9 GHz frequency. The signal is therefore prohibited from passing and must
be reflected back through region II and region I instead.
Energy travelling in the counter-clockwise direction towards point Q passes through
the filter in region II because the frequency of the excitation matches with the design
frequency of the BPF. The 5.9 GHz signal is coupled across the capacitive gap to the
microstrip line on the other side, thus arriving at point Q. The junction at point Q splits
the electromagnetic energy in two directions down tapering microstrip lines. One portion
of the signal travels down the tapered transmission line in region V to the output at Port
3. The other portion passes from point Q to point R through the tapered transmission line
in region IV. This involves passing through the BPF in region IV which is tuned to pass
5.9 GHz.
Upon arriving at point R, the 5.9 GHz electromagetic wave is probited from going full
circle by the BSF in region III. The energy is therefore delivered to Port 2 by travelling
down the 50 Ω line in region VI, albeit with a different phase to the signal delivered to the
other port.
The end result of this entire process is that the low frequency signals in the band below
3 GHz are output only from Port 2. For signals within the 5.9 GHz band (from 5.850 GHz
to 5.925 GHz), the diplexer splits the signal equally between both Port 2 and Port 3. This
results in a magnitude of approximately -3 dB at each port.
It is worth noting than those functions which are strictly related to diplexing, that is
separating signals based upon their frequency, are achieved within regions I, II and III
of the device. If desired, the lower portion of the device could be substituted for two
50 Ω microstrip lines, one connecting to point Q and the other connecting to point R. This
would produce a very compact CSRR based diplexer. However the other functions, that
of the divider-combiner which are required to best utilize the WiPlaVe antenna, would be
absent.
The simulated S-parameters are shown in Figure 4.46 and the measured results are
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shown in Figure 4.47. Good agreement is found between the measured and simulated
values. |S11| is below -10 dB when the frequency is below 3 GHz, and from 5.74 GHz
to 6.02 GHz (simulated) and from 5.75 GHz to 6.1 GHz (measured). Below 3 GHz the
|S21| curve remains close to 0 dB, while the |S31| shows that good isolation is achieved at
approximately -30 dB. Table 4.3 shows the results at frequencies of interest for detailed
analysis.
Table 4.3: Simulated and measured S parameter values at frequencies of interest for the standalone
diplexer
Simulated Measured
Frequency (GHz) |S11| (dB) |S21| (dB) |S31| (dB) |S11| (dB) |S21| (dB) |S31| (dB)
0.85 GHz -18.2 -0.1 -34.9 -20.8 -0.1 -34.7
0.9 GHz -18.3 -0.1 -34.4 -19.9 -0.1 -33.8
1.575 GHz -21.3 -0.1 -30.3 -17.4 -0.2 -30.4
1.8 GHz -26.2 -0.1 -29.7 -18.6 -0.2 -30.0
2.1 GHz -25.2 -0.1 -29.2 -22.9 -0.1 -29.9
2.4 GHz -17.4 -0.1 -29.2 -28.1 -0.1 -30.1
5.85 GHz -13.9 -3.4 -3.2 -14.8 -3.6 -4.2
5.9 GHz -27.6 -3.5 -3.1 -18.5 -3.5 -4.0
5.925 GHz -20.6 -3.5 -3.2 -21.4 -3.6 -3.9
The mismatch present in the results from 3 GHz to 5.8 GHz is due to reflections
from the filters and the way that the transmission lines effectively become tuning stubs at
wavelengths in that range. The parameter Ringradius must therefore be carefully selected to
ensure proper operation at the frequencies of interest in the automotive environment. The
only communications band of interest which presently lies within this range is the 3.5 GHz
WiMAX band. WiMAX networks are commonly deployed at either 2.3 GHz, 2.5 GHz or
3.5 GHz depending on the region. The diplexer is therefore compatible with two of the
three WiMAX bands. In many parts of the world WiMAX is a struggling competitor to
the LTE and 4G networks which are deployed in the cellular bands. The cellular networks
provide high speed internet similar to WiMAX, but with coverage over a wider area. The
loss of the 3.5 GHz WiMAX band may therefore be considered inconsequential for the
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Figure 4.48: Photograph of the fabricated device showing both sides of the substrate
majority of vehicular applications.
Examination of the results reveals that this diplexer provides the necessary signal pro-
cessing to improve the radiation behaviour of the WiPlaVe antenna. However, the present
design is not suitable for integration into the WiPlaVe substrate due to its port configura-
tion.
4.3.3 Integrated diplexer to suit the WiPlaVe antenna
The standalone diplexer-divider-combiner presented in Section 4.3.2 provides the desired
functionality to improve the radiation pattern of the WiPlaVe antenna. It provides a suit-
able impedance match on the input port for all frequencies of interest in the automotive
environment. The device routes all low frequency signals below 3 GHz out of Port 2 only,
and splits the 5.9 GHz signal equally between Port 2 and Port 3. In the present incarnation
however, the standalone diplexer does not integrate easily into the WiPlaVe antenna due to
the configuration of the input and output ports. The standlone diplexer provides standard
50 Ω microstrip ports. This makes the diplexer suitable for connecting to other microwave
devices and test equipment. Each port is designed to connect to an SMA connector at the
edge of the board as shown in Figure 4.48. In order to minimize the required amount of
expensive Rogers RT/duroid R© 5880 substrate occupied by the diplexer, it would be ideal
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Figure 4.49: Geometry of the two diplexers shown at actual size. (a) shows the standalone diplexer
with 50 Ω ports, whilst (b) shows the diplexer designed for integration with the WiPlaVe diplexer.
to mount the diplexer on a small board in the middle of the WiPlaVe antenna substrate.
This configuration precludes use of an edge fed SMA connector on Port 1, and requires
100 Ω microstrip ports for direct connection to the 100 Ω WiPlaVe radiator feeds.
The modified Integrated Diplexer is shown in Figure 4.49(b) alongside the original
standalone diplexer (Figure 4.49(a)) for comparison.
The core behaviour and parameters of the diplexer remain unchanged. Yet several
adjustments have been made to the geometry to facilitate integration with the WiPlaVe
antenna.
A hole was created in the groundplane on the underside of the substrate to allow probe
feeding of Port 1 with an SMA connector from the rear of the device. A semicircular cap
was provided on the Port 1 microstrip line to create a good microwave transition to the
soldered SMA pin.
156 CHAPTER 4
Both the output transmission lines in region V and region VI have been significantly
redesigned. The terminating width of both microstrip transmission lines at Port 2 and
Port 3 have been revised to 0.71 mm each. This corresponds to a 100 Ω impedance on
the 0.8mm Rogers RT/duroid R© 5880 substrate. The tapered microstrip line in region V
which connects point Q to Port 3 was redesigned accordingly.
The transmission line in region VI which connects point R to Port 2 is new. This
line represents a signifcant change to the geometry of the integrated diplexer. The line
meanders in the open substrate area and gradually tapers over its 97 mm length. The
properties of this line were tuned to satisfy two key criteria.
Firstly, the tapered impedance of the line must be gradual so as not to cause an
impedance mismatch at the low frequencies. Recall that the short transmission line in
region V which connects to Port 3 only guides the 5.9 GHz signal, while the transmission
line in region VI which connects to Port 2 guides both the 5.9 GHz signal as well as low
frequencies. The low frequencies in the 850 MHz region have a much longer wavelength
than the 5.9 GHz frequencies. The line in region V connecting to Port 3 may be tapered
over a relatively short distance if required due to the short wavelength guided in that trans-
mission line, but the long wavelengths guided through the line of region VI connecting to
Port 2 require a long gradual taper. This long line length was not required in the original
standalone diplexer design since both ends of the line had a 50 Ω impedance.
Secondly, the length of the line in region VI has an effect on the phase difference
between antenna radiators. After initial tuning of the length of the line to satisfy the taper
requirement, the precise length must be optimised to ensure that the phase of the 5.9 GHz
signal at Port 2 and Port 3 are equal. Proper radiation of the WiPlaVe antenna at 5.9 GHz
necessitates in-phase feeding of both radiator halves of the antenna at this frequency.
Simulation of the integrated diplexer in CST revealed that a change in the values of
lineVsw and lineIVsw was required to obtain optimal performance in the new configu-
ration. These parameters specify the widths for the tapered lines at point Q and control
the power split at 5.9 GHz. For example, increasing the width of lineVsw decreases the
impedance of that line and therefore alters the power split of the 5.9 GHz signal at point Q.
A parametric analysis was used to determine which parameters for lineIVsw and lineVsw
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provided the half power split at the output of the newly configured 100 Ω ports. The
parameter lineIVsw was consequently changed from 0.4 mm to 0.36 mm, and lineVsw
became 1.3 mm rather than 0.95 mm.
The simulated S-parameters of the integrated Diplexer are shown in Figure 4.50. The
predicted performance of the new integrated device is very close to the initial standalone
device (Figure 4.46). An impedance match is provided from the lowest of frequencies
investigated up to approximately 3 GHz. In this band all the energy is fed out Port 2, ex-
citing one of the WiPlaVe’s radiators whilst leaving the other unstimulated. A second band
of impedance matching is provided from 5.7 GHz to 5.96 GHz. For frequencies within
this range, power is accepted by the device and is fed via the tapered transmission lines to
both of the WiPlaVe’s radiators in approximately equal measure. The phase is plotted in
Figure 4.51. The phase of both output ports are aligned at approximately 5.9 GHz. This
equal phase and equal magnitude at 5.9 GHz is required to produce the desired radiation
pattern from the antenna. The fabricated integrated diplexer is shown in Figure 4.52.
Before the diplexer was fitted to the antenna the device was characterised on a VNA to
ensure equal power split for signals in the 5.9 GHz band. However the 100 Ω impedance
of Port 2 and Port 3 prevents them from being directly connected to a VNA for testing.
To facilitate testing of the device, two short impedance transformers were created on
spare Rogers RT/duroid R© 5880 material (also pictured in Figure 4.52). The impedance
transformers feature a microstrip line which tapers in width from 0.71 mm (100 Ω) to 2.5
mm (50 Ω) over a 30 mm distance. This transition length presents no problems for high
frequency signals but is too abrupt for the long wavelengths of the low frequencies. The
low frequency behaviour of the device is well understood, and only the high frequency
power splitting function is of interest in these measurements. The poor performance in
the low frequency range of the measured results for the integrated diplexer can therefore
be disregarded, with the simulated results providing a more accurate representation.
The measured S-parameters of the integrated diplexer with the additional short impedance
transformers fitted is shown in Figure 4.53. The true low frequency performance of the
device is obscured by the short impedance transformers which were attached to enable
the measurement to be conducted. The mismatch caused by these transformers will not
158 CHAPTER 4
Figure 4.50: Simulated S-parameter magnitudes for the integrated diplexer
Figure 4.51: Simulated phase for the integrated diplexer
be realized when the diplexer is integrated with the antenna. The measured values at 5.9
GHz indicate good performance as shown in Table 4.4.
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Figure 4.52: Photograph of the fabricated device for fitting to the antenna. Both sides of the
substrate are shown. In addition some short tapered microstrip lines have been connected to enable
testing on a VNA
Figure 4.53: Measured S-parameter magnitudes for the integrated diplexer
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Table 4.4: Simulated and measured S parameter values at frequencies of interest for the integrated
diplexer (the poor measured performance at low frequencies is due to the short impedance trans-
formers which were attached to enable the measurement to be conducted. The mismatch caused
by these transformers will not be realized when the diplexer is integrated with the antenna
Simulated Measured
Frequency (GHz) |S11| (dB) |S21| (dB) |S31| (dB) |S11| (dB) |S21| (dB) |S31| (dB)
0.85 GHz -17.5 -0.1 -34.8 -7.5 -1.1 -35.1
0.9 GHz -20.4 -0.1 -34.3 -7.9 -1.0 -35.4
1.575 GHz -13.9 -0.2 -33.7 -8.2 -1.1 -32.5
1.8 GHz -19.9 -0.1 -33.7 -9.5 -0.9 -36.5
2.1 GHz -22.35 -0.1 -31.9 -15.9 -0.5 -32.7
2.4 GHz -20.1 -0.1 -31.5 -11.0 -0.8 -32.2
5.85 GHz -18.3 -3.48 -3.44 -17.4 -4.40 -4.16
5.9 GHz -14.3 -3.62 -3.51 -14.9 -4.48 -4.23
5.925 GHz -12.2 -3.72 -3.63 -13.1 -4.54 -4.26
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4.3.4 WiPlaVe behaviour incorporating the diplexer
A slot is machined out of the WiPlaVe antenna to match the external dimensions of the
diplexer. The fabricated integrated diplexer-divider-combiner device is then inserted into
the antenna and soldered as shown in Figure 4.54. Port 2 and Port 3 of the diplexer both
have an impedance of 100 Ω. This matches the impedance of the antenna feed lines,
which are also 100 Ω. Note however that line widths are different due to the respective
permittivity of each substrate. A 100 Ω microstrip line has a width of 0.4mm on FR-4
(εr = 4.0), and a width of 0.71 mm on Rogers RT/duroid R© 5880 (εr = 2.2). A step
change in line width will occur at the boundary between the diplexer and the antenna, but
this preserves the impedance match across the transition.
The impedance response of the WiPlaVe diplexer and antenna combination was simu-
lated. The predicted results are shown in Figure 4.55 along with the measured result.
The simulated 3D radiation pattern is shown in Figure 4.56. Comparing this with Fig-
ure 4.39 (page 138) demonstrates the effectiveness of the diplexer in achieving the desired
control of the radiation pattern. At low frequency (Figure 4.56(a) and (b)) the WiPlaVe
with the diplexer fitted produces a radiation pattern without the additional nulls in the orig-
inal WiPlaVe patterns (Figure 4.39). Instead the radiation behaviour is much more similar
to the patterns produced by the Optimised PICA at these frequencies (Figure 4.30(a) and
(b), page 126) as intended.
Figures 4.57 through to Figure 4.62 compare the measured radiation patterns to demon-
strate the benefits of the integrated diplexer in 2D form.
The nulls in the direction of the Y-axis have clearly been eliminated in Figure 4.57(a),
(b) and (c), along with the nulls in the direction of the Z-axis in Figure 4.59(a), (b) and
(c).
Changes in the cross-polarized patterns are present in Figure 4.58 and Figure 4.60.
These are of little consequence given the low gain in these plots. Figure 4.62 however
shows a significant increase in gain for the low frequency plots, particularly at 1.575
GHz where the average gain is increased by approximately 10 dB. This represents the
desired change in radiation patterns and should lead to a significant improvement for GPS
services.
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Figure 4.54: WiPlaVe antenna with diplexer inserted and soldered. Both sides of the substrate are
shown. (a) z-axis out of the page, (b) z-axis into the page
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Figure 4.55: Simulated and measured reflection coefficient for the WiPlaVe antenna with the
diplexer inserted
The primary plots at 5.9 GHz, Figure 4.57(d), Figure 4.59(d) and Figure 4.61(d) show
that the changes to the radiation behaviour at this frequency are minimal. This confirms
that the diplexer feeds both arms of the WiPlaVe antenna with equal magnitude and phase
for 5.9 GHz input signals as demonstrated in Section 4.3.2. Figure 4.61(d) shows the only
significant change in radiation pattern with an enlarged radiation lobe just beside the pos-
itive direction of the Z-axis. Close examination of the simulated results (Figure 4.56(d))
reveals that the CST simulation also predicted this deviation from the original pattern.
Overall, making allowance for the change in plane (from Y-null to X-null - due to
the orientation of the radiators), when used in conjunction with the integrated diplexer,
the WiPlaVe antenna provides a very similar radiation pattern the optimised PICA at 850
MHz, 1.575 GHz and 2.4 GHz, whilst providing a more suitable ‘quasi-omnidirectional
in the X-Y plane of the substrate’ radiation at 5.9 GHz where such four-sector radiation
would prove beneficial.
Coincidentally, the final configuration of the WiPlaVe antenna with the integrated
diplexer bears some similarity to an automotive antenna proposed by Lindenmeier et al
in [30, 95, 96]. The described antenna uses four triangular conductors arranged above
a groundplane as wideband radiators. A network of microstrip lines on the reverse side
of the groundplane feeds the radiators in a controlled manner to tailor the radiation of
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Figure 4.56: Simulated 3D radiation patterns for the WiPlaVe antenna with diplexer installed. (a)
850 MHz, Maximum gain is 1.7 dBi, (b) 1.575 GHz, Maximum gain is 3.4 dBi, (c) 2.4 GHz,
Maximum gain is 4.8 dBi, (d) 5.9 GHz, Maximum gain is 6.7 dBi
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Figure 4.57: Measured co-polarized radiation patterns for the WiPlaVe antenna in the X-Y plane
with the diplexer fitted. The measurement of the WiPlaVe antenna without the diplexer is shown
for reference. (a) 850 MHz, (b) 1.575 GHz, (c) 2.4 GHz, (d) 5.9 GHz
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Figure 4.58: Measured cross-polarized radiation patterns for the WiPlaVe antenna in the X-Y plane
with the diplexer fitted. The measurement of the WiPlaVe antenna without the diplexer is shown
for reference. (a) 850 MHz, (b) 1.575 GHz, (c) 2.4 GHz, (d) 5.9 GHz
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Figure 4.59: Measured co-polarized radiation patterns for the WiPlaVe antenna in the X-Z plane
with the diplexer fitted. The measurement of the WiPlaVe antenna without the diplexer is shown
for reference. (a) 850 MHz, (b) 1.575 GHz, (c) 2.4 GHz, (d) 5.9 GHz
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Figure 4.60: Measured cross-polarized radiation patterns for the WiPlaVe antenna in the X-Z plane
with the diplexer fitted. The measurement of the WiPlaVe antenna without the diplexer is shown
for reference. (a) 850 MHz, (b) 1.575 GHz, (c) 2.4 GHz, (d) 5.9 GHz
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Figure 4.61: Measured co-polarized radiation patterns for the WiPlaVe antenna in the Y-Z plane
with the diplexer fitted. The measurement of the WiPlaVe antenna without the diplexer is shown
for reference. (a) 850 MHz, (b) 1.575 GHz, (c) 2.4 GHz, (d) 5.9 GHz
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Figure 4.62: Measured cross-polarized radiation patterns for the WiPlaVe antenna in the Y-Z plane
with the diplexer fitted. The measurement of the WiPlaVe antenna without the diplexer is shown
for reference. (a) 850 MHz, (b) 1.575 GHz, (c) 2.4 GHz, (d) 5.9 GHz
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the device. Despite some similarities, there are vast differences in design methodology
and the limitations of each device. The assembled five-band antenna uses a feed network
which combines diplexing and phasing functions to provide a circularly polarised main
lobe in the vertical direction at selected frequencies including the GPS L1-band. At other
frequencies the radiation is directed towards the horizon for terrestrial services.
Circular polarisation is an advantage when receiving circularly polarized signals from
satellites. However, the feed network which provides this phase shifting function can
only be optimised for a narrow frequency range, leading to degraded performance in
other bands. The five-band antenna is therefore significantly different from the WiPlaVe
and O-PICA, in that it is multi-band rather than wideband. The five-band antenna appears
to provide extremely poor signal transfer performance at some frequencies. In addition,
the geometry of the structure is almost 20 times thicker than the WiPlaVe antenna, at 14.5
mm, yet it is significantly smaller in the x and y dimensions.
A novel wideband antenna design has been presented. The WiPlaVe antenna is wide-
band and multi-service. It provides very good radiation behaviour at 5.9 GHz. Four sector
radiation is provided with relatively minor ripple by the four effective tapered slots in the
antenna geometry. This enables the antenna to provide simultaneous wireless connec-
tions on all sides of the vehicle at DSRC frequencies. Ripple is reduced compared with
the O-PICA by designing the tapered slots to have a straight centreline.
Provision of a thin groundplane around the perimeter of the structure results in an ad-
ditional impedance match at lower frequencies. This extends the bandwidth of the antenna
beyond what would be possible with traditional tapered slot geometries alone. The back-
to-back nature of the two halves of the WiPlaVe geometry introduces undesirable nulls
when both arms of the antenna are fed at the low frequency bands. In order to eliminate
these nulls and provide an optimal low frequency radiation pattern, a novel microwave
device has been proposed. The device performs several functions including those of a
diplexer, a divider, and a combiner. The devices is implemented using CSRR’s to create a
compact geometry which may be integrated into the substrate of the antenna itself.
Mixed substrates are used with a common 0.8 mm thickness to strike a balance be-
tween price and performance. The common thickness permits the use of a small piece
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of expensive yet high performance Rogers RT/duroid R© 5880 to be used to reduce dielec-
tric losses in the diplexer device. This substrate is inserted into the middle of a much
larger more affordable industry standard FR-4 substrate, on which the radiating structure
is formed.
Simulated and measured results show good agreement. At 5.9 GHz the gain in the
x-y plane is low. A maximum value of approximately 3 dBi occurs, but on the majority
of angles around the azimuth the gain is approximately 0 dBi. There are some ripples
and nulls in the pattern which lead to much lower values of gain on some angles. Proper
orientation and installation of the antenna on a target vehicle may position these nulls in
sectors of low importance. The intended use of the 5.9 GHz service in an urban multipath
environment may create an alternative propagation path for any DSRC equipped nodes in
the nulls of the WiPlaVe pattern.
Other antennas which are free from azimuthal nulls could be selected, yet these do
not provide appropriate GPS radiation patterns and the structures have significant height,
being at least an order of magnitude thicker than the presented solution. These anten-
nas could not be integrated with SMC panels and would be unlikely to find acceptance
amongst consumers and automobile designers.
Chapter 5
Vehicular Antenna System
Measurement and Simulation
Antennas which provide reception at the AM and FM radio frequency bands have been
common in vehicles for many years. In recent times many other frequency bands have
been added in order to accommodate new wireless services such as GPS and Bluetooth.
The installation of a wideband antenna underneath a plastic body panel may offer an at-
tractive solution to the multi-frequency requirements of modern vehicles. This chapter
combines the wideband antennas designed in Chapter 4 with the polymeric composite
body panels which were characterized in Chapter 3 to investigate wideband planar vehic-
ular antenna system performance.
Section 5.1 studies the radiation behaviour of an antenna which is embedded into an
SMC part during production at the factory. Section 5.2 investigates the effect of bending
the substrate of a wideband antenna through both computer simulation and experimental
techniques. CST Microwave Studio R© is used in Section 5.4 to assemble an antenna to a
full size vehicle and extract the simulated impedance and radiation results. The Optimised
PICA antenna is mounted on an SMC roof panel and measured at an outdoor antenna
range in Section 5.3, before being tested with a Trimble SV6 receiver for GPS use on a
vehicle in Section 5.5.
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5.1 Trials in the HSV E-series Maloo Ute tailgate
One of the largest automobile manufacturers in Australia is GM Holden Ltd. As one of the
divisions of the worldwide network of General Motors companies, Holden imports and
sells a variety of vehicles. Their most popular vehicle over the past few decades has been
the locally designed and built Commodore, which is a large passenger vehicle available in
sedan, wagon and ute (utility) body styles. Holden’s designated performance car partner
is Holden Special Vehicles (HSV), a private company which is partly owned by Holden.
The embedding trial presented here uses a distinctive SMC panel designed to be fitted
to the HSV Maloo in conjuction with the uniplanar CPW-fed PICA slot antenna from
Section 4.2.3.
This trial was conducted at an early stage of the research project to investigate and
validate the embedding concept. At the time of this work the antenna design had just
been completed for the uniplanar CPW-fed PICA. The panel selected for the embedding
test is the tailgate from the E-series Maloo Ute (utility), produced by HSV.
HSV’s vehicles are fitted with performance upgrades and feature distinctive styling.
The Maloo is a performance vehicle based upon the standard Holden Ute. As part of
the styling changes, the E-series HSV Maloo Ute features a revised rear end. This is
provided through additional rear light components which are mounted in the tailgate, and
an accompanying body kit.
Whilst the standard Holden ute comes with a tailgate composed of traditional sheet
steel, the HSV Maloo ute has a polymeric composite endgate, manufactured from SMC
by the project research partner Composite Materials Engineering Pty. Ltd. (Figure 5.1)
With this tailgate panel already in production it provided an excellent opportunity to
trial the antenna embedding process, and quickly obtain some results to give an idea of
the performance of the device.
Figure 5.2 shows the CAD models of the tailgate assembly as used in production.
The tailgate is composed of three SMC panels. The first panel is the outer skin which
forms the visible surface of the tailgate (Figure 5.2(c)). This panel is a Class A quality
painted exterior surface. A second panel forms the inner skin (Figure 5.2(a)). In be-
tween these two panels is a high strength reinforcing panel (Figure 5.2(b)). The inner
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Figure 5.1: HSV Maloo ute tailgate (a) compared with standard Holden ute tailgate (b)
skin was selected for embedding in this investigation because it is predominantly flat and
has sufficient room to accommodate the smaller uniplanar CPW-fed PICA (presented in
Section 4.2.3). Although this smaller version of the PICA antenna does not accommo-
date all the frequencies of interest in the vehicular environment and does not feature an
optimised radiation pattern, its wide bandwidth still incorporates many of the frequency
bands of interest, providing an adequate impedance match from 1.2 GHz to beyond 13
GHz. Hence the smaller design provides for all of the same signals with the exception of
the two lower mobile phone bands (850 MHz and 900 MHz).
5.1.1 Method of Investigation
The following procedure was followed in this investigation:
• A small uniplanar CPW-fed PICA antenna is manufactured at RMIT University,
and transported to the CME factory
• A worker inserts the antenna along with the usual amount of unprocessed SMC into
the tool when manufacturing the ‘inner’ panel
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Figure 5.2: HSV Maloo tailgate assembly. (a) Inner skin, (b) Reinforcement panel, (c) Outer
‘Class A’ skin. The antenna is to be embedded into the inner skin at the location marked with red
colour.
• The part is produced with the antenna embedded or encapsulated inside its volume.
The surface of the antenna is flush with the panel surface
• The ‘inner’ panel with the embedded antenna is assembled with the other two SMC
panels to form a complete tailgate component
• The entire part is painted, but with masking tape covering the antenna to facilitate
testing connections
• A coaxial cable and RF connector are soldered to the embedded antenna (Fig-
ure 5.3)
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• An RF anechoic chamber is used to rotate the structure on its axis and measure the
radiation performance of the antenna embedded in the tailgate. The system is used
in both horizontal and vertical polarisations (Figure 5.4 (a) and (b))
• For comparison purposes, an identical small uniplanar CPW-fed PICA antenna is
measured in the anechoic chamber
• The results are plotted and compared
Figure 5.3: Tailgate with antenna embedded and connected to coaxial cable
Figure 5.4: HSV Maloo tailgate assembly with embedded antenna in the anechoic chamber. (a)
Horizontal orientation, (b) Vertical orientation
While under test in the anechoic chamber, the reference antenna is attached to a piece
of polystyrene foam (Figure 5.5). This allows for identical antenna placement on the
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wooden rotator as is used for the embedded antenna in the panel. This facilitates accurate
investigation of the effects of the embedding process. The polystyrene foam has a dielec-
tric constant close to 1, and therefore has negligible de-tuning effects on the reference
antenna.
Figure 5.5: Reference antenna on foam for measurement
5.1.2 Results
When embedded in the Maloo ute tailgate, the antenna’s impedance matching is altered
slightly in a way which degrades its performance (Figure 5.6). The antenna remains
reasonably well matched (below a -9.4 dB criterion) over the majority of the band. There
are some mismatches beyond this value near 9 GHz.
These mismatches occur because this version of the uniplanar CPW-fed PICA slot
antenna was designed to operate in free space without consideration for SMC embedding.
The mismatches are due primarily to the addition of the dielectric panels which make up
the ute tailgate. The presence of this dielectric material changes the relative permittivity
in the space around the antenna, which has the effect of altering the effective electrical
length of any antenna or radiating structure in the vicinity. Some additional mismatch
may be due to the conductors which are added into the ute endgate during the assembly
process. This includes the hinge and lock mechanisms, and a decorative steel strip along
the top of the panel (Figure 5.7).
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Figure 5.6: Measured reflection coefficient for the antenna in free space and when encapsulated in
the ute tailgate
Figure 5.7: HSV Maloo tailgate assembly with metal inserts highlighted
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By adjusting some of the antenna geometry, the mismatches which occur here in the
embedded small uniplanar CPW-fed PICA slot antenna could likely be avoided. The
parametric study conducted in Section 4.2.6 indicates the effect of each parameter on the
impedance matching of PICA slot antennas.
Figure 5.8 shows the radiation patterns of the embedded antenna in the Maloo ute
tailgate, along with the reference antenna for comparison. In Figures 5.8 (a), (b) and
(c), the tailgate assembly is in the orientation shown in Figure 5.4(a) which results in a
measurement through the x-z plane of the antenna. In Figure 5.8 (d), (e) and (f), the
antenna is orientated as shown in Figure 5.4(b) which produces a y-z plane radiation
pattern measurement. A transparent schematic is shown underneath each plot to clarify
the aspect angles relative to the part and the antenna.
At the low frequencies (Figure 5.8(a) and (d)) very little difference is measured be-
tween the encapsulated antenna and the antenna in free space. The gain and radiation
performance appear to be approximately equal.
As the frequency is increased to 2.4 GHz (Figure 5.8(b) and (e)) some loss is observed
in the upper part of the plots when the device is radiating through three layers of SMC.
This loss appears to be an average of approximately 5 dB or 6 dB. Additional ripples
are beginning to form in Figure 5.8(b). This indicates the presence of surface waves
propagating along the large dielectric panel’s surface.
At 4.8 GHz the radiation pattern of the antenna has been significantly altered by the
encapsulation process. Figure 5.8(c) reveals significant loss on some angles, while on
other angles the encapsulated antenna provides higher gain than the reference antenna.
Ripples in the radiation pattern are becoming more pronounced. On the whole, radiation
through the three layers of the tailgate structure produces some loss in signal strength
whilst the radiation on the exposed side is approximately equal in average power. Fig-
ure 5.8(f) reveals that some of the nulls in the y-z plane have been smoothed over whilst
new nulls have formed at other angles. The peak gain of the new pattern is approximately
4 dB lower than the reference antenna in this plane, whilst it is only approximately 1.5 dB
lower in the x-z plane (Figure 5.8(c)).
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Figure 5.8: Measured radiation patterns for the antenna in free space and when encapsulated in
the ute tailgate. (a) 1.2 GHz (x-z plane), (b) 2.4 GHz (x-z plane), (c) 4.8 GHz (x-z plane), (d) 1.2
GHz (y-z plane), (e) 2.4 GHz (y-z plane), (f) 4.8 GHz (y-z plane — tailgate vertical)
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5.1.3 Findings
The operating bandwidth of the embedded antenna remains very wide, although the match-
ing deteriorates. This is to be expected given that the antenna was tuned to operate in free
space, rather than embedded in the panel. The majority of the |S11| values measured re-
main under -9.4 dB which may be tolerable, given it is only just beyond the -9.54 dB
value which corresponds with a VSWR of 2:1. A few mismatches near 9 GHz exceed this
value. It is expected that the impedance match of the antenna would be improved with
some simple tuning adjustments to the design to optimize the geometry for use in this
location.
When integrated with the polymeric ute endgate, the radiation patterns of the antenna
are predominantly unchanged at the lower end of the band, whilst ripples become evident
at higher frequencies. An average decrease in gain of 3 dB to 5 dB seems typical.
Given that the HSV Maloo ute tailgate is composed of three layers of SMC, a body
panel composed of a single layer of SMC such as a hood or trunk may provide signifi-
cantly less loss.
The degradation in performance introduced by the encapsulation of the antenna in
the SMC body panel is only slight. The resulting system performance is likely to be
equivalent to current ‘shark-fin’ or ‘on glass’ designs. These existing designs also produce
imperfect radiation patterns and suffer from gain loss when compared with the ideal case
of a monopole mounted on an infinite ground plane.
5.2 The effect of bending on a truncated PICA antenna
The trucated PICA antenna introduced in Section 4.2.7 was an intermediate stage in the
development of the CPW-fed PICA slot antenna. In this section, we apply this antenna as
an example of a wideband slot antenna, in an investigation into the effect of curvature on
such antennas.
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5.2.1 The nature of curvature in automotive applications
Analysis of the Truncated PICA conducted thus far has assumed that the antenna sub-
strate is flat in the installed position on the vehicle body. This is unlikely given the styling
trends of modern vehicles. Most vehicles have curved panels, and it is therefore impor-
tant to investigate the effect this curvature might have on antenna performance. The effect
of curvature on other types of antennas has been investigated recently [97], yet to the
author’s knowledge no such investigation has been performed on the PICA. It is worth
noting that a foldable and stretchable PICA antenna was recently presented, but no indi-
cation of performance when folded was able to be provided [98]. Many potential antenna
host sites such as the roof or the hood typically display curvature which is only slight.
However it may be desirable to locate the Truncated PICA or other wideband antennas
in panels which have curves of a relatively tight radius. In order to investigate the ef-
fect of such curvature on the antenna, two parallel investigations were conducted using
electromagnetic simulation tools and practical measurements in an anechoic chamber.
Curvature of the antenna was investigated in four steps of increasing angle: 0◦, 22◦,
45◦, and 90◦ (Figure 5.9). In order to achieve these angles for the antenna size given, the
centre of the antenna was required to be displaced by 0 mm, 10 mm, 20 mm and 40 mm
respectively. Figure 5.10 illustrates the correlation between displacement and angle for
the 90◦ case.
5.2.2 Analysis technique
CST Microwave Studio R© was selected as the simulation package for this investigation
for two reasons. Firstly, the bend sheet facility incorporated into recent versions of the
CST 3D modeling tool enables accurate modelling of the bent antenna. Secondly, the
availability of a time domain solver enables efficient and accurate simulation of broadband
devices. The antenna substrate was redrawn using a section of cylinder of appropriate
radius and the conductors which form the antenna were made to conform to the surface
of the cylinder by bending the infinitely thin conducting sheets.
In order to obtain measurements of the antenna while curved, a device was created out
of low permittivity dielectric materials. This structure was designed to minimize changes
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Figure 5.9: Angles of curvature investigated
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Figure 5.10: Markup showing relationship between displacement and desired angle of curvature
in the near-field environment whilst testing is underway. Materials in the near-field of a
radiating structure (such as an antenna) alter the impedance matching and the radiation
performance of that structure. In order to minimize this effect, the material used to support
and curve the antenna should approximate the material of the surrounding space. In this
case, polystyrene foam was used to create a rigid platform on which to bend the antenna.
Polystyrene foam has a dielectric constant very close to that of air. Non-conductive plastic
screws are used in conjunction with the foam and exert a force on the antenna substrate
to induce bending. These screws are intentionally located in areas of low surface current
to further minimize their impact. The finished structure and curved fabricated antenna is
shown in the anechoic chamber in Figure 5.11.
Figure 5.11: Truncated PICA under test in anechoic chamber
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5.2.3 Simulated Results
In order to operate effectively, the input impedance of an antenna needs to be adequately
matched to the impedance of the device to which it is connected. The quality of an
impedance match can be measured using the reflection coefficient; a property which de-
scribes the relative magnitude of a reflected wave to an incident wave at the antenna’s
input port. Using |S11| in dB to represent the results, an acceptable match is usually
deemed to be -10 dB or better. This corresponds to a VSWR of approximately 2:1.
The simulated reflection coefficient of the Truncated PICA antenna conformed under
different degrees of curvature is shown in Figure 5.12. These simulation results from CST
Microwave Studio R© indicate that a wideband impedance match will be preserved even for
extreme cases of curvature. A slight mismatch is present for angles of 22◦ and 45◦, af-
fecting the frequencies between 1.2 GHz and 1.4 GHz. This mismatch is of little concern
given that the frequencies impacted are of little interest for present day automotive ser-
vices, and even in the mismatched band the return loss is predicted to remain below -9
dB.
Figure 5.12: Simulated reflection coefficient for the curved truncated PICA
Simulated radiation patterns for different degrees of antenna curvature are shown in
Figure 5.13 and Figure 5.14. The omni-directional behaviour in the x-z plane which
is characteristic of the Truncated PICA is largely preserved. A slight gain reduction is
observed in the negative z direction in Figure 5.13(a) and (b). At 2.4 GHz (Figure 5.13(c))
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the radiation pattern widens with increasing degrees of curvature. The simulation results
indicate that the effect of bending the antenna substrate may be more substantial in the y-z
plane where the antenna radiates more distinctive lobes. Figure 5.14(c) and (d) indicate a
progressive shift downwards towards the negative z direction in the main beams at higher
frequencies.
5.2.4 Measured Results
The measured reflection coefficient of the fabricated antenna is shown in Figure 5.15. A
good match is achieved across the entire band of interest even where the angle of curvature
is increased to a value as high as 90◦. The Truncated PICA antenna is seen to accept power
for any frequencies in the range from approximately 650 MHz to beyond 7 GHz for every
value of curvature investigated.
Measured radiation patterns of the antenna under test are shown for both the x-z plane
and y-z plane in Figure 5.16 and Figure 5.17. Figure 5.16(a) and (d) very closely resemble
the radiation patterns predicted by the simulations, while Figure 5.16(b) and (c) reveal the
predicted trends to some degree. The measured reduction in gain towards the underside of
the antenna substrate in Figure 5.16(b), and quantifiable increase in gain to the sides of the
plot in Figure 5.16(c) were present in the equivalent plots of Figure 5.13. It is interesting
to note that at 1.575 GHz (Figure 5.16(b)) a 90◦ bend in the antenna substrate leads to a
significant narrowing of the edges of the radiated beam in the positive z direction, which
was not visible in the simulated results. The measured radiation patterns in the y-z plane
(Figure 5.17) provide very good correlation with the simulated results of Figure 5.14. The
beams produced by the antenna in this plane can be seen to curve downward towards the
negative z direction as predicted in the simulation.
5.2.5 Curvature conclusions
The wideband impedance match of the antenna is preserved even when the antenna is
curved at an angle of up to 90◦, as may be the case when installed in a vehicle. At the
low end of the band when the PICA is acting as a traditional slot antenna, the effect of
bending is less significant than at the high end of the band. When radiating at higher fre-
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Figure 5.13: Simulated radiation pattern for curvature in the range from 0◦ to 90◦ (x-z plane). (a)
850 MHz, (b) 1.575 GHz, (c) 2.4 GHz, (d) 5.9 GHz
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Figure 5.14: Simulated radiation pattern for curvature in the range from 0◦ to 90◦ (y-z plane). (a)
850 MHz, (b) 1.575 GHz, (c) 2.4 GHz, (d) 5.9 GHz
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Figure 5.15: Measured reflection coefficient for the curved truncated PICA
quencies, the high gain beams caused by the tapered slots can be seen to shift significantly,
particularly in the y-z plane.
Future applications of the antenna are intended to be confined to areas of relatively
flat roof or boot/trunk, where only the slightest amounts of curvature will be encountered.
Such bends would be significantly closer to 0◦ than the rather extreme cases investigated
here. The results give confidence that such small amounts of curvature would be un-
likely to create impedance mismatches, and would cause minimal distortion to radiation
patterns.
5.3 Optimised PICA antenna attached to a vehicle panel
In the intended application, the Optimised PICA (O-PICA) vehicular antenna of Sec-
tion 4.2.8 is to be attached to the underside of a polymeric vehicular body panel. If
painted, this would create a concealed radiating device mounted behind a colour matched
dielectric cover, indistinguishable from an ordinary section of bonnet, roof or trunk. Given
the radiation pattern of the antenna and the services used, the panel would ideally provide
a reasonably flat horizontal surface. Therefore body panels such as the hood, roof and
trunk are of interest. The effect of curvature in these panels is investigated in Section 5.2.
Another production vehicle part produced by the research collaborator Composite Ma-
terials Engineering Pty. Ltd. for the Australian automotive industry is the luggage carrier
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Figure 5.16: Measured radiation pattern for curvature in the range from 0◦ to 90◦ (x-z plane). (a)
850 MHz, (b) 1.575 GHz, (c) 2.4 GHz, (d) 5.9 GHz
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Figure 5.17: Simulated radiation pattern for curvature in the range from 0◦ to 90◦ (y-z plane). (a)
850 MHz, (b) 1.575 GHz, (c) 2.4 GHz, (d) 5.9 GHz
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roof panel for the Holden Adventra. The Holden Adventra is an all-wheel-drive crossover
vehicle with a 4WD drive train fitted underneath the body of a modified passenger car sta-
tion wagon. It features revised styling and several rugged additions which include plastic
wheel arches and a ‘luggage carrier’ fitted between the roof racks. This ‘luggage car-
rier’ panel is moulded as one large panel out of SMC material by CME. There are some
metal parts added to the SMC — notably the large decorative aluminium strips that run
longitudinally, however these would not be required in future designs. It would be pos-
sible to make an entire roof panel from SMC with only a basic steel supporting structure
underneath.
When mounted in the middle of the Adventra roof panel (Figure 5.18) a change is
induced in the antenna’s reflection coefficient, as shown in the results of Figure 5.19, due
to the addition of the SMC dielectric and the decorative aluminum strips on the outer
side of the panel. The |S11| curve remains below -10 dB with the exception of a region
between 1.7 GHz and 2.0 GHz where it rises as high as -8 dB. The proposed services
in this range are the popular cellular phone frequencies. Cellular handset antennas are
required to reach a VSWR of 3:1 which corresponds to a |S11| value of -6 dB [3, p.30],
implying that the match achieved is adequate for the application.
An outdoor antenna range was used to measure the gain and radiation pattern of the
antenna when attached to the fully assembled roof panel. Figure 5.20 shows the measured
radiation patterns of the SMC roof panel sub-assembly with the antenna attached.
Comparing Figure 5.20 with Figure 4.31 (page 127) reveals the distortions introduced
by the presence of the roof panel in the antennas near field. Figure 5.20 (a) and (b) show
similar features to the radiation pattern present in Figure 4.31 (a) and (b). The x-z plane
is largely omnidirectional, particularly at the low end of the band. Ripples begin to form
when the structure is operating at higher frequencies. The y-z plane reveals diametrically
opposed nulls and the development of lobes at higher frequencies which encroach upon
end fire in the y-plane. In the x-y plane significant distortion of the pattern is visible. This
distortion may be amplified by the nearby aluminum strips which also lie in the x-y plane.
At 5.9 GHz, the radiation is rippled due to operating an electrically large structure at
high frequencies, and the addition of the roof panel appears to further scatter the radiation.
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Figure 5.18: Optimised PICA antenna and Adventra roof panel under test
Interestingly, at this frequency the dielectric appears to fill in the null in the pattern in the
y-direction (visible in Figure 5.20(b)) and appears to scatter the polarisation of the fields
in the x-y plane, increasing the cross polarised levels.
It is important to note that some of the differences in radiation patterns between Fig-
ure 4.31 and Figure 5.20 are due to the change in permittivity of the space surrounding
the antenna and the associated frequency shift.
The O-PICA vehicular antenna may provide significant benefit for multi-service oper-
ation in the vehicular environment. When used in conjunction with an appropriate system
of amplifiers and diplexers, the antenna could be mounted in a vehicle roof, and employed
for GPS operation at 1.575 GHz while simultaneously communicating with vehicles or
roadside infrastructure in the horizontal direction at 5.9 GHz.
At the upper end of the frequency band, the antenna’s radiation is dominated by the
tapered slots formed between the inner and outer PICA shapes. As a result of this ra-
diation mode, the radiation pattern of the antenna displays main lobes on either side of
the y-axis with a central null, as evidenced at 2.4 GHz (Figure 4.30(c) (page 126) and
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Figure 5.19: Measured reflection coefficient of the Optimised PICA antenna in free space and
when attached to the Adventra panel
Figure 5.20(c) and (d)). As the frequency of operation is increased to 5.9 GHz, addi-
tional side lobes are formed, as seen in Figure 4.30(d) and Figure 5.20(c) and (d). This
behaviour is typical of UWB antennas, or indeed any electrically large structure operated
at high frequencies. However, this pattern does not represent the ideal for the Vehicle-
to-Vehicle (V2V) communication service, given the accompanying nulls in-between the
lobes. Several comments may be made about this.
Whilst the addition of the SMC roof panel appears to fill in some nulls, the existence
of these nulls may not be problematic for V2V communication, given the likelihood of
operating such a service in an urban multipath environment surrounded by vehicles and
buildings. In such an environment, reflected signals from the side lobes may permit com-
munication when the direct line of sight path falls in the direction of a null in the antenna
pattern. Alternatively, it would be possible to provide multiple O-PICA antennas at dif-
fering locations and orientations within a single aperture, to create an antenna diversity
scheme.
In any case, it is clear that the radiation pattern produced at 5.9 GHz is complex.
Further testing would be required with actual V2V hardware to detail the performance
with certainty. This would be a matter for future work.
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Figure 5.20: Measured radiation patterns of the optimised antenna attached to the Adventra roof
panel. (a) x-z plane (b) y-z plane (c) x-y plane horizontal polarisation (d) x-y plane vertical
polarisation (cross-pol)
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5.4 Simulation of antenna on vehicle
The performance of a wideband vehicular antenna mounted on an SMC roof component
was assessed with the aid of modern electromagnetic simulation software. A simulation
model of the Optimised PICA was adapted for this purpose. A sheet of SMC material
with the same approximate dimensions as the Holden Adventra roof panel was inserted
into the O-PICA model. A CAD file containing the geometry of a Jeep Wrangler was
obtained, and imported into the model using CST. The simulation model is shown in
Figure 5.21. The vehicle body is shown in silver and is modelled as a Perfect Electric
Conductor (PEC), while the interior seats and trims are modelled as dielectrics and are
shown in dark red colouring. The SMC roof panel is shown in a transparent light blue.
The O-PICA antenna can be seen on the underside of the transparent roof panel.
Figure 5.21: Geometry used for Jeep simulation
The structure was simulated on a high-powered 64-bit Windows PC, using the T-
solver in the 2011 version of CST Microwave Studio R©. At the upper end of the frequency
bands for which the O-PICA is matched, the vehicle presents as an object of considerable
electrical size. At 5.9 GHz the free space wavelength is approximately 50 mm. Due to
limitations on computing power and available RAM, the frequency of the simulation was
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restricted to 1.6 GHz. This allowed for the lower frequencies of interest in the automotive
environment to be simulated. A hexahedral mesh configuration was used. Mesh sub-grids
were enabled which reduced the number of mesh cells to slightly less than 8 million from
a much larger value.
The simulation completed successfully after 168 hours. The geometry of the O-PICA
required that some mesh elements in the model be very small to accurately model the
fine geometry of the CPW feed. This very small mesh size led to an extension of the
simulation time despite the use of sub-grids.
Results of the simulations are presented in Figures 5.22 to 5.24. The addition of the
SMC panel and the vehicle body results in a slight mismatch in reflection coefficient
results (Figure 5.22). At the 850 MHz, |S11| is -17.4 dB, at 900 MHz |S11| is -10.3 dB,
while at 1.575 GHz |S11| is -9.3 dB.
Figure 5.22: Simulated reflection coefficient from the Jeep simulation
Figure 5.23 shows the surface currents on the conductors in the simulation model. The
colour bar follows a logarithmic scale. When the O-PICA antenna is excitied, symmetrical
current patterns are formed on the vehicle body. Surface currents are very high on the
conductors of the antenna, and gradually decrease in magnitude as the distance from
the source increases. The wavelength of the patterns is visibly shorter at 1.575 GHz
(Figure 5.23(c)) than at 850 MHz (Figure 5.23(a)).
The simulated radiation patterns produced by the simulation model are shown in Fig-
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Figure 5.23: Surface currents due to the O-PICA antenna on the conductive portions of the Jeep
simulation model. (a) 850 MHz, (b) 900 MHz, (c) 1.575 GHz
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ure 5.24. The radiation behaviour of the O-PICA antenna is altered when attached to an
SMC roof panel mounted on a Jeep Wrangler body. The radiation pattern of the antenna
in free space at 900 MHz is very similar to the radiation pattern at 850 MHz (Figure 4.30,
page 126). Yet when mounted on the vehicle body the radiations at these two frequen-
cies are significantly different (Figure 5.24(a) and (b)). At 850 MHz a single z-directed
main lobe dominates the radiation behavior, but at 900 MHz this main lobe has been split
into two. The surface currents formed on the vehicle body are frequency dependent and
the radiation from these currents leads to distinctive radiation patterns at neighbouring
frequencies.
Many vehicular antennas presented in the literature do not present simulations of the
antenna mounted on the vehicle. Those vehicular antennas which are presented in the
literature reveal that significant ripple and distortion is often caused by the body of the
vehicle [31] as seen in Figure 5.24.
5.5 GPS driving test on Jeep Wrangler
A practical method for testing an automobile antenna is to fabricate the device, install it
on a full-sized vehicle, connect it to appropriate hardware, and assess its performance in
a real world environment.
Such testing can consume significant resources and may require specialized hardware.
Some systems, such as DSRC, are difficult to test. Because DSRC is not yet widely used,
hardware is difficult to obtain. DSRC is also difficult to test because, being part of a
Vehicle-to-Vehicle or Vehicle-to-Infrastructure system, it is best tested in an environment
with at least two DSRC equipped vehicles and a roadside infrastructure device.
GPS is a good candidate for system testing of the wideband vehicular antenna concept
because GPS hardware is widely available. In addition, the performance of a GPS system
is easy to quantify by comparing a known position with the computed position. GPS
is perhaps the most difficult signal to receive for the O-PICA and WiPlaVe antennas,
given the distance from the transmitting satellites and the extremely low signal power
which is received. GPS is also circularly polarised, yet neither the O-PICA or WiPlaVe
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Figure 5.24: Radiation patterns produced by the O-PICA antenna on the Jeep body. (a) 850 MHz,
(b) 900 MHz, (c) 1.575 GHz
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provide circular polarisation. Successful GPS operation would bode well for acceptable
performance of the antenna when used for other services.
Global Positioning System (GPS) antennas come in a variety of shapes and sizes. GPS
signals are extremely weak when compared to the terrestrial based services, and this tends
to make the antenna performance an important part of the receiving chain. Certain types
of GPS antenna are preferred for different applications.
An ideal GPS antenna would provide an impedance match at all the frequencies to
be used by the receiver in calculating position. Its radiation pattern would ideally have
no variation in gain across the entire hemisphere, providing satellites at any position in
the sky with equal signal strength in the receiver input. It would then ideally have a very
sharp roll-off at the horizon and provide no back radiation (therefore being insensitive to
signals reflected from the ground).
The systems onboard GPS satellites transmit a circularly polarised signal, specifically
a right hand circularly polarised (RHCP) signal. In order to best receive this signal, the
receiving antennas used in GPS units are typically also right hand circularly polarised.
GPS receiving antennas should also reject multipath. Such multipath signals are reflected
off the ground, buildings, or other obstacles before arriving at the antenna. Such multipath
effects lead to signals arriving at the antenna multiple times with varying time delays. This
is undesirable and can lead to errors in position estimation.
An ideal GPS antenna will also have a stable phase centre which does not move with
changes in frequency or changes in radiation direction. Use of inherently narrowband
antennas, or filters between the antenna and the receiver, can be advantageous to miti-
gate out-of-band interference. Such interference has potential to saturate amplifiers and
interfere with proper operation of the LNA or receiver.
GPS is a type of Global Navigation Satellite System (GNSS). GPS is operated by
the United States’ government and is the most widely used of the GNSS systems. The
Russian GLONASS system and European Galileo system are competing GNSS sytems
at various stages of implementation. The frequencies used by each of these services is
shown in Table 5.1.
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Table 5.1: GNSS frequencies (MHz)
System L1 L2 L3 L5/E5 E6
GPS 1563–1588 1215–1240 N/A 1164–1189 N/A
GLONASS 1592–1615 1237–1257 1194–1209 N/A N/A
Galileo 1554–1596 N/A N/A 1145–1238 1258–1300
5.5.1 Typical GPS antennas
The highest performing GPS antennas in common use are the choke ring antennas. These
are used for geodetic work, where maximum positioning accuracy is desired at the ex-
pense of all other parameters. They typically receive at least the L1 and L2 bands. Such
choke ring antennas are physically large, bulky and heavy, expensive to fabricate and del-
icate, yet they provide excellent rejection to multipath signals. They do not make good
candidates for embedding in polymeric vehicular body panels.
One of the most common forms of GPS antenna is the patch antenna. These antennas
operate at a single band, being the L1 band. They are small in size and relatively cheap
to produce, and produce good hemispherical coverage. GPS patch antennas typically use
truncated corners to induce circular polarisation in an otherwise linearly polarised radi-
ator. Sharkfin antennas commonly incorporate patch antennas underneath their radome.
Whilst it is not verifiable anywhere in the scientific literature, it is also known that other
cars feature GPS patch antennas that are installed below the front windscreen under the
dash by vehicle manufacturers.
Helical antennas are sometimes used in GPS applications. Such devices are inherently
circularly polarised. Due to their size and shape, they are not often used for vehicular
applications.
Each of these traditional GPS antennas satisfy many of the characteristics of an ideal
GPS antenna. They provide narrowband impedance matches combined with uniform cov-
erage of the sky. Their radiation patterns reject signals from below. Circular polarisation
ensures the desired signal is received whilst helping to reject multipath signals.
In contrast, the wideband antennas presented in this thesis provide an impedance
match at each of the bands used by all of the GNSS systems (Table 5.1). Yet they do not
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provide circular polarisation and have low front to back ratios, receiving signals equally
well from above or below the substrate.
Interestingly, many modern mobile phones are fitted with GPS antennas. The integra-
tion challenges associated with integrating so many wireless services within an increas-
ingly small, thin volume means that compromises must be made in antenna selection and
placement. Ceramic chip antennas, such as the 1575AT47A40 from Johanson Technology
[99], are often used in such devices given their extremely small volume. These chip anten-
nas are far from the ideal GPS antennas described above. They typically provide linearly
polarised radiation, and when mounted on the handset, uneven quasi-omnidirectional ra-
diation patterns result. The gain is also quite low, with the peak gain between -1 dBi and
-6 dBi depending on frequency. These two factors combine to leave the receiver vulner-
able to errors due to multipath. Yet, despite all these sources of error, the overall system
performance on many mobile devices is satisfactory1.
Given these considerations, it was decided to evaluate the actual GPS performance of
the Optimised PICA when connected to a vehicle.
5.5.2 PICA testing configuration on Jeep
Two identical Trimble SV6 GPS receivers were sourced to enable testing of the Optimised
PICA antenna with actual GPS hardware.
The Trimble SV6 GPS receiver is ideal for the task at hand. It has no internal antenna
and no built in display. Instead, it provides an SMB connector for attaching an external
antenna, and interfaces to a computer through RS232 to output text based data.
The testing configuration is shown in Figure 5.25. The two Trimble SV6 receivers
are powered by a 12 volt supply and each is connected to a Laptop computer via RS232.
The receivers are set to an identical configuration and are fitted with identical Low Noise
Amplifiers (LNA). They differ in only one respect — the antenna connected to the input
1Assisted-GPS (A-GPS) is used in many mobile phone GPS chipsets. This technology leverages the
cellular network to provide shorter time to first fix. Position estimates are provided to the receiver based on
time difference of arrival (TDOA) to the cellular network towers. Ephemeris data can also be provided. The
GPS antenna integrated into the handset is still required to have adequate performance to receive L1-band
GPS signals from the satellites.
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of the LNA.
The antennas supplied with the Trimble SV6 receiver are typical of low cost commer-
cial GPS antennas. They consist of probe-fed patch antennas on a high dielectric constant
substrate. The antenna unit contains an integrated LNA on the underside of the antenna,
and the whole assembly is encased in a black plastic housing (Figure 5.26(a)). In order to
enable the Optimised PICA antenna to be connected to an identical LNA with the same
length of coaxial cable, the second of the Trimble patch antennas was dismantled and
the probe feed pin was soldered to an SMA connector to enable connection of the PICA
(Figure 5.26(b)).
Figure 5.25: Configuration used to compare the GPS performance of the Optimised PICA with a
commercial GPS patch
206 CHAPTER 5
Figure 5.26: Photograph of the antennas used in the GPS test. (a) Trimble GPS patch antenna with
integrated LNA and (b) PICA connected to LNA)
To enable the highly realistic practical testing, the Holden Adventra roof panel intro-
duced in Section 5.3 was used to resemble the eventual scenario where a wideband an-
tenna would be attached to or embedded in a polymeric component moulded from SMC
materials.
A Jeep Wrangler was found to be a suitable test vehicle due to its adaptability. The
Jeep Wrangler comes with a steel roll cage from the factory, and has a variety of options
for weather protection. A folding soft-top comes standard, but an SMC hard top (produced
in the USA) is available as an option. The Jeep factory hard-top is large and bulky, and
not readily measurable on the RMIT outdoor range.
The optimised PICA antenna was measured whilst attached to the SMC Adventra roof
in Section 5.3. Given that the radiation performance of this configuration has already been
characterised, it is implemented here by mounting the Adventra panel with the Optimised
PICA onto the top of the Jeep’s roll cage (Figure 5.27). The panel is held down onto
the roll cage using ratchet straps which are positioned away from the radiating structure
underneath the panel.
With the Optimised PICA antenna attached to the underside of the panel on the Jeep
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Figure 5.27: The Jeep Wrangler test vehicle parked at the start/finish point on the test route, outside
the Melbourne Exhibition Building on Rathdowne street. The soft top is folded away and the SMC
Adventra roof panel is attached. The Optimised PICA is visible on the underside of the panel
roof, the remaining Trimble GPS antenna was placed in an upright position on the rear
seat with a clear view of the sky.
5.5.3 Results of the PICA on Jeep
The GPS receiver systems were switched on, and the vehicle was left stationary for several
minutes whilst the receivers downloaded the ephemeris and achieved an initial position
fix. The Jeep was then repeatedly driven along a pre-planned route over a period spanning
several hours. The route was planned to provide a variety of propagation environments
to test the performance of the antennas. It passes through relatively open areas with
few obstructions, as well as busy city streets at the eastern end of Collins Street in the
Melbourne CBD, where the roads are surrounded by high-rise buildings which ought to
create many multipath propagation channels.
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In order to verify that the receivers were providing an equivalent level of performance,
the input cables to each receiver were exchanged several times throughout the driving
tests. This resulted in both receivers operating with the Optimised PICA as its antenna.
The vehicle was driven along the pre-planned route several times whilst measurements
were taken. The route is shown in Figure 5.28. Two of the recordings from the GPS units
are shown in Figure 5.29 and Figure 5.30. Figure 5.31 shows the view looking south
from above Faraday street, looking south towards the Central Business District (CBD)
of Melbourne, and reveals the harsh propagation environment that would be experienced
due to the density of tall buildings.
Trip A (Figure 5.29) shows the position outputs from both GPS receivers throughout
the journey. Both the Trimble patch antenna (shown in blue) and Optimised PICA an-
tenna (red) provide good signals to the receivers. The receiver connected to the Trimble
patch antenna appears to drift whilst travelling south on Exhibition street, and then rapidly
correct itself between Lonsdale and Bourke streets, producing a zigzag in the output. The
receiver connected to the Optimised PICA produces some slight errors in the turn from
Exhibition street to Collins street, effectively cutting the corner. Given the tall buildings
which surround the roads in these areas, both receivers perform very well at maintaining
their position, and receive good signals from both the PICA and commerical antennas.
The particular GPS satellites and signals that can be received by a GPS receiver change
over time. This is due to changes in satellite position, as they move across the sky in the
course of their orbit around the earth. This created some variation in the results obtained
throughout the driving tests. On each journey along the test route, a different propagation
environment was encountered by the receiver, with the satellites in new locations in the
sky.
Trip B (Figure 5.30) represents one trip along the test route in which both receivers
produced a higher level of errors than during Trip A. Being conducted several hours after
Trip A, this is likely due to the changes in position of the satellites, but could also be a
result of other factors, such as a higher level of interference. Both receivers perform well
at the beginning of the journey in the open environment where multipath is low. Erro-
neous positions are calculated by both receivers when approaching Lonsdale street from
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Figure 5.28: Route taken for GPS testing
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Figure 5.29: GPS testing: Trip A
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Figure 5.30: GPS testing: Trip B
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Figure 5.31: View of the test route looking to the south from above Faraday Street. The tall
buildings of the CBD are shown in the distance
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the North. Interestingly, at this time the receiver connected to the Trimble patch antenna
provides more highly inaccurate positions than does its counterpart with the Optimised
PICA. Both receivers output slightly erroneous positions (shifted westward) in the ap-
proach to Bourke street. For the next 1.5 km of the journey through the high density
urban environment, the receiver with the Trimble patch antenna provides much more ac-
curate position than the receiver with the Optimised PICA. This may be due to the lack
of circular polarisation and the back lobe of the Optimised PICA, which limits its multi-
path rejection capability. Once in the low density, open urban environment both receivers
produce accurate position outputs for the remaining 1 km of the test route along Lygon,
Grattan and Rathdowne Streets.
The GPS points plotted here demonstrate that the Optimised PICA can be used in
conjunction with an SMC roof panel to provide GPS signals to a GPS receiver in a vehicle.
The Optimised PICA provides GPS performance which almost matches that of a com-
mercial GPS patch antenna marketed by Trimble. The Optimised PICA performs very
well in low density urban environments, but may be susceptible to multipath in very
dense high-rise areas. Urban environments of this very high density only make up a
small portion of the total surface of the globe. In situations where GPS signals are lost for
short periods of time, Inertial Navigation Units (INU’s) can provide interim position and
velocity measurements.
The O-PICA provides additional benefits beyond those provided by a commercial
GPS patch. It has a very wide bandwidth, enabling multi-service use, and has a very low
profile.
5.5.4 GSM mobile phone test
Simple testing was also performed for the mobile phone band at 900 MHz. A second-
hand GSM car kit from the late 1990’s was obtained. This car kit was selected because it
lacks an internal antenna and provides an external antenna connector instead.
A short coaxial cable was created to enable connection of the car kit with the SMA
connector fitted to the antenna. After inserting a SIM card, and turning the power on, test
calls were made in various locations. In each location the calls were clear and without
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dropouts. If the antenna was disconnected whilst midway through a call, the calls were
terminated immediately due to a loss of service.
This basic testing confirms the operation of the antenna in the 900 MHz band in con-
juction with GSM equipment.
Chapter 6
Conclusions and Future Work
6.1 Conclusions
Automotive wireless communications have rapidly developed in recent years with the
emergence of many new services and communications technologies. Only a couple of
decades ago most vehicles were fitted with only one antenna for AM and FM radio recep-
tion.
In comparison, today’s cars may be fitted with a multitude of antennas to communicate
at many different frequencies for a variety of applications. Antennas for AM and FM radio
are still commonly fitted to production vehicles, but they may be accompanied by others
for RKE, Mobile phone, Satellite navigation with GPS, Bluetooth, Satellite Radio and
Collision Avoidance Radar. Future vehicles will likely also require antennas for DAB,
Satellite TV and V2V or VII services.
This thesis has examined the application of wideband planar antenna technology to
modern vehicles in conjunction with polymeric composite panels. The research outcomes
cover a variety of related topics, from the effect of paint on an antenna superstrate to
new varieties of wideband antenna optimised for vehicular use. A detailed summary of
the findings is presented at the end of each of the respective chapters or sections. This
chapter provides a brief summary of the main findings of the work. The work conducted
in this thesis provides scope for further investigation of wideband planar antennas and
their application to vehicles. Possibilities for future work are also discussed.
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6.1.1 Antenna integration with polymeric panels
Investigations were carried out to assess the dielectric properites of the SMC material us-
ing well known experimental techniques. These findings were of importance in assessing
the feasability of integrating antennas with this material and in accurate modelling of the
panels in simulation.
Collaboration with the School of Aerospace, Mechanical and Manufacturing Engi-
neering at RMIT University found that the deformation experienced by an embedded an-
tenna can be controlled within reasonable limits, leading to optimised process parameters
for production of embedded antenna components.
Extensive experimental work was carried out in evaluating the effect of paint on an-
tenna superstrates. This work represents a significant contribution to the body of knowl-
edge. Only a very small amount of information was previously available about the effect
of paint on antennas. The findings demonstrated that ‘metallic’ paints which are often
used on automobiles have no adverse effects on a concealed antenna despite the presence
of small metal particles.
6.1.2 Wideband Antennas for Vehicular Applications
The method of operation of the Planar Inverted Cone Antenna (PICA) was determined
and the geometry was analysed parametrically. The knowledge gained led to a new form
of the PICA antenna being designed — the Optimised PICA (O-PICA). The O-PICA has
significantly reduced size compared to the baseline design and has improved radiation
patterns for vehicular applications.
A novel WiPlaVe antenna design was presented. The WiPlaVe is wideband and multi-
service. The structure provides very good behaviour at 5.9 GHz. Four sector radiation is
provided by four tapered slots with some minor ripple. Ripple is reduced compared with
the PICA family of antennas by designing the tapered slots to have a straight centre line.
A new kind of diplexer-divider-combiner was created. The apparatus is very compact
due to the use of Complimentary Split Ring Resonators (CSRR’s) to implement filtering
functions. The device can be placed into the middle of the WiPlaVe antenna to enhance its
radiation performance at low frequencies. The use of separate substrates for the diplexer
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and antenna lowers cost while maintaining adequate RF performance.
6.1.3 Integrated Antenna Effects and System Performance
Antenna embedding capability and performance was demonstrated with SMC panels from
a contemporary production vehicle. The antenna substrate was sucessfully integrated
‘flush’ with the surface of the part. Changes to the antenna radiation pattern induced
by the presence of the multi-layered composite structure were evaluated in an anechoic
chamber.
The effect of bending and curvature of the substrate of a PICA antenna was evaluated
with the use of modelling tools and experimental results. The radiating device remained
well matched despite even significant amounts of curvature. If deformation or other out-
comes of the embedding process are found to be problematic, the undesirable effects could
be mitigated by attaching the antenna to the underside of a pre-moulded panel rather than
embedding the device inside the part during manufacture.
The effects of mounting an SMC panel and a wideband antenna on a full size vehicle
were evaluated with the assistance of a commercial modelling tool. The impedance and
radiation performance of the antenna were altered when mounted on the vehicle. Wide-
band performance is generally preserved, but minor mismatches (up to an |S11| of -7.8
dB) are present in some bands. Ripples in the radiation pattern are produced. The ripples
are due to radiation from surface currents induced on the vehicle body. This is typical of
antennas mounted on vehicles.
Driving tests were conducted on a full-sized vehicle to investigate the GPS perfor-
mance of a wideband antenna. Simultaneous position outputs were recorded from two
identical GPS receivers — one of which was fitted with a standard GPS patch antenna
whilst the other was fitted with the Optimised PICA (O-PICA) antenna. The O-PICA
received the satellite signals and provided excellent performance in a low multipath en-
vironment. When subjected to the high multipath environment caused by the density of
extremely tall buildings found in the middle of a modern city, both receivers calculated
erroneous positions from their received signals. In this situation the circularly polarised
radiation and more hemispherical pattern of the patch antenna provided a slight perfor-
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mance edge, as would be expected. The O-PICA sacrifices these properties in order to
obtain a much wider impedance bandwidth and a very thin form factor.
6.2 Future Work
This research aimed to investigate the application of wideband antennas to the vehicular
domain. During the course of the work many research questions were answered and
new antenna geometries were created. New questions also arose. A few areas for future
research are listed below:
WiPlaVe Diplexer enhancement: The diplexer device which was designed to control
the radiation pattern of the WiPlaVe antenna provides usable frequencies in two bands.
In the range from DC to approximately 3 GHz, all energy is routed to only one arm of
the antenna. This eliminates unnecessary nulls in the radiation pattern at these lower fre-
quencies. When the input frequency is between 5.850 GHz and 5.925 GHz, the energy
is divided equally between the two arms of the WiPlaVe antenna, providing four sector
radiation from the antenna. In between these two bands however, exists an unusable
portion of frequencies from about 3 GHz to about 5.85 GHz. At the present time this
performance satisfies all of the requirements in the vehicular domain, except for one of
the three WiMAX bands at 3.5 GHz. Loss of this service may be considered inconse-
quential due to the low penetration of WiMAX networks in most countries, and the fact
that the cellular bands provide the same functionality as WiMAX using 3G LTE and 4G
technologies. There are no other services of interest between 2.3 GHz (SDARS) and 5.9
GHz (V2V and V2I) at the current time. However at some future stage new services may
arise at frequencies outside the operable band of the diplexer. The mismatch which arises
in the present diplexer configuration is due to reflections from the CSRR filters causing
sections of the microstrip ring to have the effect of microstrip stubs. Some control over
this behaviour is afforded with the Ringdiameter parameter. A reduction in the diameter of
the ring would have the desired effect. Yet this also requires a corresponding adjustment
in the location of the CSRR’s. Given the finite size of the CSRR’s themselves and iso-
lation requirements between adjacent CSRR’s, little can be done to further improve the
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current device with current technology.
Assessment of the O-PICA and WiPlaVe for MIMO: Next generation mobile tech-
nologies such as 4G exploit spatial multiplexing, using MIMO techniques to achieve im-
proved spectral efficiency, longer range, and higher throughput data rates. A composite
polymeric vehicle roof panel could potentially be populated with a number of O-PICA or
WiPlaVe antennas in different locations and orientations to create an integrated vehicular
smart antenna.
Wideband antenna optimised for vertical orientation: The HSV E-series Maloo
Ute tailgate was selected to demonstrate the possibilities of antenna embedding in SMC
panels. The results of this work are presented in Chapter 5. The Uniplanar CPW-fed PICA
slot was used for this work due to constraints upon the x-y dimensions of the antenna
substrate in the ute tailgate panel. The PICA family of antennas and the WiPlaVe antenna’s
radiation patterns provide best utility when installed horizontally on the vehicles, such as
in the hood, roof, or trunk. These locations are the most strategic positions to target for an
integrated vehicular antenna given the 270 degree to 360 degree unobstructed azimuthal
coverage bestowed by these locations. Their location in the upper half of the vehicle body
also helps to reduce propagation challenges posed by adjacent vehicles. Nonetheless, a
wideband antenna optimised for installation in a vertical orientation, such as in SMC door
skins on the side of vehicles, may prove useful in certain circumstances.
Analyse the effect of nearby steel structures to optimize integrated antenna place-
ment: High performance open wheeler race cars such as Formula 1TM vehicles feature
high performance carbon composite monocoque construction. Nonetheless, it seems
likely that steel will continue to be used for much of the structural chassis of passenger ve-
hicles into the future. In the majority of circumstances where SMC body panels are used
on contemporary vehicles, a steel frame is likely to be hidden somewhere underneath.
Indeeed, the HSV E-series Maloo Ute SMC tailgate featured in Section 5.1 incorporated
metallic components to provide hinge and lock mechanisms, and the Adventra luggage
carrier roof panel featured external aluminium strips for decorative purposes. A detailed
analysis of the space surrounding an embedded wideband antenna may provide insight
into how close conductive components may be placed to the antenna before deterioration
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of the impedance and radiation behaviour of the device become unacceptable. Such work
would enable vehicle designers to take necessary steps to ensure only dielectric materials
were permitted within a certain radius of an embedded antenna.
Additional experimental verification: Chapter 5 of this thesis presented the find-
ings of several measured or simulated investigations into the behaviour of a wideband
antenna when in the presence of the polymeric composite material. Further verification
of polymeric panels with integrated antennas would be beneficial. Simulations could be
used to analyse the impedance and radiation properties of an integrated antenna in various
locations and on a variety of common vehicle body styles. Scale measurements could be
performed in an anechoic chamber by scaling down the vehicle size and increasing the
frequencies of interest accordingly. This would require very accurate micro-fabrication
of scaled down antennas. Given the already small dimensions of the detailed parts of the
CPW in the O-PICA and the CSRR’s in the WiPlaVe diplexer, very small feature sizes
would be expected. Full-sized measurements could be carried out in a suitably large ane-
choic chamber or at a specially designed outdoor facility. Turntable equipment capable of
bearing the weight of a full-sized vehicle mean that such systems are fairly expensive.
System testing for additional services: Observation of the proper functioning of a
receiving or transmitting system with an antenna connected provides excellent confirma-
tion of the suitability of an antenna for a task. Chapter 5 verified that the O-PICA is an
adequate GPS antenna when attached to an SMC panel mounted on the roof of a Jeep
Wrangler. Further testing could focus on verifying the operation of the O-PICA or the
WiPlaVe antennas at other services in the band. Of particular interest would be the V2V
and V2I application at 5.9 GHz. Testing this system should become more feasible in the
coming years as the necessary hardware becomes more readily available. Experiments
could be conducted with multiple full-size vehicles in real world driving environments.
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